University of Rhode Island

DigitalCommons@URI
Open Access Dissertations
1991

The Physical Chemistry of Atmospheric Iron and Its Geochemical
Behavior in the Surface Waters of the Open Ocean
Guoshun Zhuang
University of Rhode Island

Follow this and additional works at: https://digitalcommons.uri.edu/oa_diss

Recommended Citation
Zhuang, Guoshun, "The Physical Chemistry of Atmospheric Iron and Its Geochemical Behavior in the
Surface Waters of the Open Ocean" (1991). Open Access Dissertations. Paper 1331.
https://digitalcommons.uri.edu/oa_diss/1331

This Dissertation is brought to you for free and open access by DigitalCommons@URI. It has been accepted for
inclusion in Open Access Dissertations by an authorized administrator of DigitalCommons@URI. For more
information, please contact digitalcommons@etal.uri.edu.

Ge111
(-L{
7- ~,
I

14/

·v, /
THE PHYSICAL CHEMISTRY OF ATMOSPHERIC IRON AND ITS
~

GEOCHEMICAL BEHAVIOR IN THE SURFACE WATERS OF THE OPEN
OCEAN
BY
GUOSHUN ZHUANG
$

A DISSERTATION SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN
OCEANOGRAPHY

UNIVERSITY OF RHODE ISLAND

I

I

I

DEDICATION
This dissertation

is dedicated

to all the people who strive for

democracy, freedom, and human rights for Chinese people, especially to
the people who devoted themselves for democracy in Tiananmen square on
June 4, 1989.

ABSTRACT
The physical chemistry

of atmospheric

iron present

in remote marme

aerosols collected from over the North Pacific has been systematically studied.

90-

100% of iron present in remote marine aerosols is in the non-aluminosilicate
form. The Fe(II) concentrations

in remote marine aerosols has been determined

for the first time, and more than

50% of the iron is present

Photochemical

sulfur

subsequent
mechanisms

reduction,

dissolution

including

or organic

of iron are probably

affecting atmospheric

reductants,

the dominant

as Fe(II).
and the

transformation

iron during its long range transport

from

Asia to the North Pacific. It is postulated that the key reaction to produce Fe(II)
and to increase the solubility of iron in marine aerosols is [Fe(III)(OH)(H2O)5]2+
+H2O + hv ----> [Fe(IIXH2O)6]2+ + OH· or Fe(III) + S(IV) + hv -----> Fe(II)ai +
S(VI).
The "saturated

concentration"

of operationally

defined (using a 0.4-µm

filter) dissolved atmospheric iron in seawater was found to be ~10-17 nmol/kg (~5-8
nmol/kg if 0.05-µm Millipore filters were used). If the total iron concentration was
less than 2 nmol/kg (the open Pacific Ocean is in this category), ~50% of the
atmospheric iron dissolved in seawater.

More than 99% of the dissolved iron in

the surface waters of the central North Pacific is provided by atmospheric input.
The annual input of atmospheric iron to the central North Pacific is ~8 x 1011 g/yr
and to the entire North Pacific is ~15 x 1012 g/yr.

The dissolved iron and

particulate iron from atmospheric input to the world ocean is estimated to be ~16 x
1012 and ~16 x 1012 g/yr respectively

compared with the dissolved iron and

particulate iron from the global riverine input to the world ocean of ~l x 1012 g/yr
and ~110 x 1012 g/yr respectively [GESAMP, 1989]. Adsorption and biomass uptake

are responsible

for controlling the iron concentration

in seawater.

Although

adsorption is one of the predominant mechanisms responsible for controlling the
dissolved iron in the open ocean, the addition of the mineral aerosols to the open
ocean still results in the dissolution of atmospheric iron in seawater.
Atmospheric iron present in remote marine aerosols may be involved in
two important atmospheric processes: 1) its long range transport to the open ocean
provides a critical micronutrient

for organisms in the surface waters of the open

ocean, and iron may be the limiting nutrient

in some oceanic areas,

and 2)

reduction of atmospheric Fe(III) may be a major source of the key radical OH· in
solution, and it may be involved in the sulfur/climate
photoreduction to Fe(II). Furthermore,

feedback loop via Fe(III)

there are two positive feedback loops for

the production of Fe(II) and OH·. More dust generates more Fe(III), which when
reduced forms more OH· and more Fe(II). Then 1) more Fe(II) may produce more
DMS in seawater in some areas, and more DMS will result in more SO2 and SO4 =
aerosols and 2) more OH· may also result in the oxidation of sulfur species to
produce more sulfate aerosols. Thus, more Fe(II) and more OH· will be produced
from the Fe(III) photoreduction,

with S(IV) oxidized to S(VI).

These positive

feedback loops may be of importance for both climate considerations and primary
biological productivity in some areas of the open ocean.
In addition, a new analytical method for the determination
using HPLC with a UVNisible detector has been developed.
0.1 nM was obtained.

of Fe(II) by

A detection limit of
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PREFACE
The physical chemistry of atmospheric

iron present

in remote marine

aerosols collected from over the North Pacific Ocean has systematically

been

studied, and the results of this study are presented in this dissertation.

The

manuscript

format was adopted for the dissertation

presentation

in accordance

with the guidance of the Graduate School of the University of Rhode Island.

The

dissertation body is composed of six papers and a summary in Section One and two
papers and two additional appendixes in Section Two.
Section One presents systematically the results of the studies of the physical
chemistry of atmospheric iron. Chapter 1 serves as an introduction and up-to-date
review of atmospheric iron and introduces briefly the iron limitation hypothesis.
Chapter 2 reports studies of the dissolution of atmospheric iron in seawater, and
this paper has been published in J. Geophys. Res., 95, 16,207-16,216, 1990 (Paper
number 90JC 01234). Chapter 3 reports the presence of Fe(II) in remote marine
aerosol particles for the first time and provides evidence for iron involvement in
the global atmospheric redox cycle. This paper is prepared in a form suitable for
publication in Science or Nature. Chapter 4 presents a detailed investigation of the
chemical

form

transformation

of atmospheric
during

iron

in remote

long range transport,

marine

aerosols

and

its

as well as its dissolution

in

atmospheric water. This paper will be submitted for publication in Limnology and

Oceanography. Chapter 5 presents studies of the adsorption of dissolved iron on
mineral particles in seawater, and this paper will be submitted for publication in

Deep-Sea Res.. Chapter 6 presents a synthesis of the transport of atmospheric iron
from Asia to the surface waters of the North Pacific Ocean by combining results
from this study with previous studies. This paper will be submitted for publication

vi

in J. Geophys. Res.. Chapter 7 is a summary of the previous chapters, and the
biogeochemical cycle model of iron exchange between the atmosphere

and the

ocean has been refined and illustrated in this chapter.
Section two contains appendixes A, B, C, and D. Appendix A reports on the
adsorption of dissolved iron in seawater on filters during filtration.

This paper

will be submitted for publication in Limnology and Oceanography.

Appendix B

presents

the newly developed method

performance liquid chromatography.

for determination

of Fe(II) by high

The principal author of this work is Zhen

Yi. This work was done with my assistance, under the guidance of Dr. P. R.
Brown in the Chemistry Department, University of Rhode Island.
be submitted for publication in Analytical
results of the determination

Chemistry.

This paper will

Appendix C presents the

of blind samples for iron analysis, and these results

can be used as a reference for the accuracy and precision of the experimental data
of this study. Appendix Dis a comprehensive thesis bibliography.
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SECTION ONE
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CHAPTER 1

Introduction
A Review: Atmospheric Iron and the Iron Limitation Hypothesis
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ABSTRACT

Atmospheric

iron plays a greater

biological productivity

role in biogeochemical

than previously realized.

cycling and

The concentrations,

fluxes,

sources, and speciation of atmospheric iron in both dry and wet deposition are
reviewed and its importance in biogeochemical cycling and primary productivity
over the world ocean is emphasized.

3

1. INTRODUCTION

Iron

is ubiquitous

in the

global

environment.

Iron

constitutes

approximately 4.1 % of the earth's crust and 3.2% of soil [ Salomons and Forstner,
1984]]. It is the fourth most abundant element in the earth's crust, with an atomic
weight of 55.85 (5.8% 54Fe + 91.7% 56Fe + 2.2% 57Fe + 0.3% 58Fe).

In rock and

soils, iron is found in a wide variety of minerals and clays as Fe(II) or Fe(III), and
because of its abundance it is often found as an impurity in many materials.
Change in the oxidation state of iron occurs in response

to environmental

processes such as the formation of pyrite ores and ferro-manganese nodules.
Iron is found at variable levels in the atmosphere in both the aqueous phase
(i. e., clouds and rain) and the solid phase (i. e., aerosol).

Ferric iron has been

shown by a number of investigators [Jacob et al., 1989; Pandis and Seinfeld, 1989]
to be an extremely important catalyst for the autoxidation of SO 2 and concomitant
generation of acidity in clouds and fogs.
Iron, like nitrogen and phosphorus, is thought to be a critical nutrient for
primary productivity in the ocean.

Iron is essential for organisms since it is a

important element of respiratory pigments, proteins, and many enzymes.
iron can form porphyrin molecules which participate

Since

in biochemical oxidation-

reduction reactions, it plays a unique role in biological systems.

The chemical

behavior of iron in natural waters is also very important because of its widespread
use in industry, agriculture,

and our daily life and its subsequent deterioration

through corrosion.
2. CONCENTRATIONS OF ATMOSPHERIC IRON

4

The concentration
varies tremendously.

of iron in the urban,

rural

and remote atmosphere

Rahn [1976] reviewed trace element concentration data from

104 stations over Europe and the USA. He showed that the highest concentration
of 26,900 ng!m3 was found in Liege, Belgium, a region near a steel plant, a low
concentration

of 0.84 ng/m 3 was measured

at the South Pole, and the lowest

concentration

of 0.21 ng/m 3 was fol,lnd in the tropical South Pacific.

In urban

regions the concentrations of atmospheric iron are several thousand ng/m3, and
in marine regions are from 0.21 ng/m3 in the tropical South Pacific to 50 ng/m 3 in
the tropical North Pacific, and from 94 ng/m 3 in the Atlantic to 740 ng/m 3 in the
North Sea. The geometric mean particulate concentration of iron for 58 samples
collected in the North Atlantic atmosphere was 100 ng/m3 [Buat-Menard et al.,
1979]. At Enewetak Atoll, small islands in the tropical North Pacific, the mean
concentration of iron was 52 ng/m3 in the dry season and 3.3 ng/m3 in the wet
season [Duce et al., 1983]. Chester and Stoner [1973] calculated that the average
iron concentration was 5.2 wt% in low level marine atmospheric particles.
The concentrations of iron in wet deposition are also different from place to
place. At Enewetak Atoll, a truly remote marine environment, annual geometric
means of the volume weighted rain concentration was 1 µg/kg, being 2.1 µg/kg in
the dry season and 0.93 µg/kg in the wet season [Arimoto et al., 1985]. The
concentration of iron in rainwater in this region varied seasonally, and during the
dry season (high dust) the concentrations were generally 2-3 times higher than in
the wet season.

At Bermuda the concentration

was 5 times (4.8 µg/kg) higher

than at Enewetak, probably a result of the anthropogenic and natural emissions of
iron from North America and of the general proximity of Bermuda
continent [Jickells et al., 1984]. A concentration

to that

of 30 µg/kg in rainwater

was

reported from the Bay of Bengal [Mahadevan et al., 1982], showing that the rain

5

In urban regions Gatz et

samples were strongly affected by continental material.

al. [1984] measured a median concentration of the insoluble iron of 88.3 µg/kg,
with a maximum of 18,900 µg/kg, in rainwater
The concentrations

collected in Glen Ellyn, Illinois.

of iron in the snowpack were 4-21 and 1.53-28.3 µg/kg for

Northern Sweden and Greenland, respectively [Ross et al., 1986].
3. SOURCES OF ATMOSPHERIC IRON

The known natural sources of metals in the atmosphere
crust, sea water, volcanic dusts and gases, and vegetation.
emissions are from industrial

gases and particles,

are the earth's

The anthropogenic

fossil-fuel combustion,

the

cultivation of soil, and road dust.
The major portion of the aerosol mass over the ocean is derived from two
sources: the earth's crust and the sea itself as spray from the bursting of bubbles.
For any element X in atmospheric particles an enrichment factor relative to the
crust is calculated as follows:
EFcrust(X) = (X/Al)sample / (X/Al)crust
where Al is used as a reference
transported into the atmosphere.

element

for crustal

weathering

products

Since iron is strongly correlated with aluminum

and shows mean EFcrust

values close to unity in aerosols and in dry or wet

[Buat-Menard

and Chesselet, 1979; Duce et al., 1983], crustal

deposition

weathering is likely to be the major source of atmospheric iron.
To assess the importance of the anthropogenic
interference

factor (IF) is often used.

flux for any metal the

IF is calculated as (total anthropogenic

emissions to the atmosphere / total natural emissions to the atmosphere) x 100

[Lantzy and Mackenzie, 1979]. The IF for iron is 39. This indicates that the

6

anthropogenic flux is 39% and is thus less than the natural flux. This IF value is
based on the assumption that all the industrial emissions to the atmosphere enter

It is likely that much of this material falls out near its

the global atmosphere.

source. Therefore, on a global basis the IF would be substantially reduced.
Based on the assumption that the volcanic and continental
are the most important

natural fluxes and that these materials

well-mixed in the atmosphere,
aluminum concentration

the theoretical

particle fluxes
are reasonably

ratio of iron concentration

to

in atmospheric particles is calculated by dividing the

sum of the continental and volcanic dust fluxes for iron by the sum of the dust
fluxes for aluminum.

The observed ratio in marine air for iron is very close to the

predicted value. This observation suggests that the natural fluxes of continental
and volcanic dusts are the principal

sources of iron in marine

atmospheric

particles [Lantzy and Mackenzie, 1979].
Although rivers, direct dumping, and atmospheric

transport

have been

recognized as the main pathways transporting natural and man-made material to
the open ocean for some time, only recently has it been realized that in many
remote marine areas atmospheric transport
many substances,

provides the major contribution for

compared with other transport

paths.

Since the late 1970s

much attention has been given to the determination of the source and fate of trace
metals, including iron, in aerosol particles over the ocean [Duce et al., 1976;
Goldberg, 1976; Rahn, 1976; NAS, 1978]. The SEAREX Program [Duce, 1983, 1989]
has investigated

particle geochemistry

in the atmosphere

and at the air-sea

interface, particularly in the Pacific Ocean region, during the 1970s and 1980s. As
a consequence of these studies, the geochemical cycling of trace metals and other
substances is known to involve a complicated coupling of the physical, chemical
and biological processes that take place in the atmosphere, at the air-sea interface
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and in the surface ocean water. Some of the trace substances are toxic, such as Pb
[Maring and Duce, 1990]. On the other hand, some of the micronutrients,

such as

iron, are essential to marine organisms, and iron may be the limiting nutrient for
primary biological productivity in some oceanic regions [Duce, 1986; Martin and
Gordon, 1988; Martin and Fitzwater, 1988; Martin et al., 1989; Martin et al., 1990;
Maring and Duce, 1987]. It has been demonstrated that eolian mineral dust is the
major sources of a number of trace elements in many ocean regions [Duce et al.,
1980; Prospero, 1981; Duce et al., 1983; Uematsu et al. , 1983, 1985; Chester et al.,
1984].
Duce et al. [1976] estimated

that the global flux of iron from crustal

weathering to the atmosphere was 1.1 x 1013 g/yr by using the average abundance
of iron in the continental

crust of 5.63% [Taylor, 1964] and an estimated total

production of atmospheric particles due to weathering of 2 x 1014 g/yr. The global
atmospheric anthropogenic iron production was estimated to be 0.8 x 10 l3 g/yr
[NAS, 1978]. Using the flux of continental dust injected into the atmosphere of 5 x
1014 g/yr [Goldberg, 1971], Lantzy

and Mackenzie

[1979] estimated

that the

continental iron flux was 1.9 x 1013 g/yr. They also estimated that the volcanic
dust and gas fluxes of iron were 0.88 x 1013 and 3.7 x 108 g/yr, respectively, and the
total emissions of iron were 1.07 x 1013 g/yr from industrial

sources and fuel

combustion.
GESAMP [1989] calculated the atmospheric input of trace species to the
world ocean for 10° latitude x 10° longitude areas.
deposition of atmospheric
assumed

that

the mineral

They estimated

that the

iron to the world ocean is ~3.2 x 10 l 3 g/yr.
aerosol contains

the same ratios

They

as the upper

continental crustal abundances, i.e. 8.04% Al and 3.5% Fe [Taylor and McLennan,
1985], the mean dry deposition velocities were 0.4 emfs over the remote open ocean
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,

I

and 2 emfs over coastal and near-shore areas (distances from the coast less than
1000 km), and the mean precipitation scavenging ratio was 1000 for the entire
North Pacific.
The mineral aerosol concentration over the North Pacific depends largely
on the distance from the dust source in central Asian areas.

The distance at

which the mineral aerosol concentration decreases to about one half of its value
over the continents

has been found to be 500-600 km from the coast of Asia

[Tsunogai et al., 1985]. The rate of deposition of mineral aerosols to the western
North Pacific region is much greater than that to the central North Pacific. Thus,
the inputs of atmospheric iron to these two regions (central and coastal areas) are
about a factor of 20 different per unit area. There is a latitudinal gradient in the
atmospheric iron concentration and its deposition flux, with the highest values at
mid-latitudes.

The lowest atmospheric iron flux is in the tropical equatorial area,

where strong upwelling take place and where the primary nutrients,
nitrate, are abundant.

such as

Martin et al. [1989] and Martin et al. [1990] suggest that

atmospheric iron may be the limiting factor for the primary productivity in these
equatorial

regions of the North Pacific.

distribution pattern in this area.

There is also is a strong temporal

The infrequent

short-term

high dust events

usually take place in the spring and may contribute the major fraction of the
annual dust flux to the North Pacific. The high dust episodes observed in 1986
usually lasted only a few days [Uematsu et al., 1990]
4. DISSOLUTION AND FATE OF ATMOSPHERIC IRON IN SEAWATER

The first step toward

developing

an understanding

of the fate of

atmospheric iron in the ocean is to determine its physical and chemical form both
in suspended particles and in rain. The chemical form of metals controls their
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cycle through the atmosphere and ocean. During the mixing of dry/wet deposition
with sea water, solubilization, sorption, or flocculation processes may occur, and
such processes would change the physical and chemical forms of the metals in the
ocean and may have a significant impact on the biogeochemical cycle of these
metals. These reactions would affect the residence time of the metals in the ocean
and their interactions with biological systems.
To date we know little about what happens to iron in air and rain after it
enters the ocean. It is reported that less than 1% of the iron present on fly ash
particles and 1-8% of atmospheric iron collected in Seattle and St. Louis as well as
at a rural site dissolve in sea water [Crecelius, 1980; Hardy and Crecelius, 1981].
To determine if atmospheric particles supplied to the surface water of the ocean
may be significantly leached, not only by direct interaction with sea water but also
as a result

of zooplankton

grazing, Moore et al. (1984] leached samples of

atmospheric dust at pHs from 5.4 to 8.0. Approximately 10-12 percent of the iron,
relative

to aluminum,

was dissolved

in the seawater,

and there

was no

measurable affect on the iron solubility in the pH range 5.4 to 8.0. Maring and

Duce (1987] studied the sea water solubility of aluminum present in aerosols
collected at Enewetak in the mid-Pacific.
crustal

aerosol aluminum

They found that 5-10 percent of the

was solubilized.

Thus, compared

to the results

reported by Moore, the estimate that about 10 percent of crustal iron in the aerosols
dissolves in seawater is likely a minimum value [Duce, 1986]. It is possible that
atmospheric iron may be a major contributor to the iron requirements
biota.

Since the efficiency at which phytoplankton

concentration

of marine

can grow at low iron

varies among species, the meteorological factors that govern the

rate of transport of atmospheric dust to the ocean could affect plankton ecology and
primary productivity [Buat-Menard, 1983].
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In order to assess the importance of atmospheric transport and deposition
of dust, Arimoto et al. (1985] compared their estimates

of the deposition

of

aluminum and iron (Al: 1.2; Fe: 0.56 µg cm-2 yr-1) at Enewetak Atoll with marine
sedimentation rate at a site about 1500 km north-northwest
was surprising
similar

to the

~hat the atmospheric
sedimentation

of Enewetak Atoll. It

deposition rates of these elements

rates

calculated

by M. Leinen

were

[Personal

communication, 1984]. This suggests that atmospheric transport is an important
source for Al and Fe in marine sediments.
determined

that the EF crust

value

Buat-Menard and Chesselet [1979]

and correlation

coefficients

vs. Al for

particulate iron in deep oceanic water are 2. 7 and 0.85, respectively, suggesting
that a significant fraction of the particulate

iron concentration

associated with phases other than aluminosilicates

in seawater is

and that iron is actively or

passively involved in the biological cycle occurring in surface waters.
5. SPECIATION AND REACTION OF IRON IONS IN RAIN WATER

Dissolved iron ions are common constituents of atmospheric

rain droplets

and play an important role in processes ocurring in cloud and rain droplets.

For

example, it has been shown that dissolved iron is capable of catalyzing

the

oxidation of S(IV) to S(VI) in oxygen-containing

aqueous solutions typical of

atmospheric droplets [Martin, 1984]. The trace metals in wet deposition result
from the incorporation of atmospheric particles into cloud droplets or raindrops.
Gonzales and Murr [1977] showed that raindrops of 0.2 mm diameter contain on
the order of 104 particles.

Trace metals, such as Fe, Cu, Mn, Ni, and Zn, are

enriched on the surfaces of combustion and industrial
surface region of atmospheric

aerosol particles.

The

particles containing trace metals is known to be

highly soluble [Brimblecombe and Spedding, 1974; Linton, 1979], particularly

11

at

the acidity levels which are common in raindrops

[Theis and Wirth, 1977]. The

physical chemistry of iron ions in wet deposition is interesting

because iron is

somewhat enriched in the atmosphere and because the distribution of iron in the
ocean and marine biological primary productivity are affected by the interactions
of iron with particles and organisms.
What portion of atmospheric iron is soluble in the raindrops?

There is little

information in the literature on the solubility of iron present on aerosol particles.
Hansen et al. [1984] reported that one-third of the iron in fly ash is soluble in dilute
hydrochloric acid. Brimblecombe and Spedding [1975] found that 70% of fly ash
iron dissolved at pH 2.5 but only 2% at pH 3.5. It is evident that the dissolved
portion of iron may be different in samples collected in different regions, where the
rain is of different acidity. The behaviour of iron in fly ash particles is also very
different from iron in mineral aerosol particles.
Iron ions in aqueous solution may exist in several forms [Stumm
Morgan,

1981].

The actual formula for the free Fe(III) ion in solution

and
is

[Fe(H2O)5]3+. Some other ligands, such as OH-, SO32-, and SO4 2 -, can replace
some of the water molecules and form a mixed complex.
species in atmospheric

waters

The major Fe(III)

are [Fe(OHXH2O)5]2+, [Fe(OH)2(H2O)4]+, and

[Fe(SO3XH2O)5]+ [Weschler et al., 1986]. The pH of the waters is the major factor
affecting the partitioning among these complexes. For example, at pH = 2.5-5.0
the dominant species is [Fe(OH)(H2O)5]2+ [Faust and Hoigne, 1990]. Chelating
organic ligands are also likely rather common in raindrops, since raindrops often
contain fulvic acid, an excellent chelating agent [Hawley, 1977; Davis and Leckie,
1978], although no quantitative data are available.
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Under atmospheric conditions iron can form mixed complexes with OH-,
8J3 2- and 804 2 - ions [Graedel et al., 1986].
within the tropospheric solar spectrum.

These complexes absorb photons

The result is a one-electron reduction of

the metal center, coupled with the oxidation of the coordinated ligand. The escape
of this oxidized ligand (most often OH·) provides an efficient daytime source of free
radicals to promote a variety of chemical reactions in droplet solutions. If H20i is
present in the droplet, as is generally the case, its reaction with reduced iron ions
provides a night time source of solution radicals as well [Weschler et al., 1986).
Graedel et al. [1986) proposed a model of raindrop chemistry which shows
that iron ion processes in raindrops can be very important.
processes are not adequately characterized,

Since many of these

laboratory and field studies should

emphasize the speciation of iron ions and the presence of and formation rates for
free radicals in rain and cloud waters.
6. BIOGEOCHEMICAL BEHAVIOR OF IRON AND THE IRON LIMITATION
HYPOTHESIS

The cycle of trace metals in the ocean is closely related to the biological
cycle. This involves several different processes, such as selective accumulation in
organic tissue and hard parts, precipitation
adsorption onto solid particles [Turekian,
thought to be the most important

of metallic minerals,

1977; Lambert,

1981].

and surface
Adsorption is

geochemical behavior of trace metals in the

ocean. We know that atmospheric particles immersed in the surface water of the
ocean rapidly lose their surface charge characteristics
charged.

This is consistent

and become negatively

with the formation of a macromolecular

organic

surface film [Hunter and Liss, 1979; Lion and Leckie, 1981]. Although the nature
of the organic film is still unknown, Hunter
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[1980] has suggested a chemical

model for metal ion binding in the sea surface microlayer.

Using radiotracer

59Fe, Lambert [1981] has studied the adsorption of iron on particles.

The results

showed that the influence of biology (presence or absence of specific dissolved
organic compounds) is significant for the adsorption of iron.
Trace metal biogeochemical cycles in the ocean involve the scavenging of
trace metals by the particulate phase (primarily biogenic). Iron is found in small
quantities in cells, and it is a necessary element for cultures of unicellular algae.
Active uptake of iron by phytoplankton

in the photic zone can be partially

considered in terms of its function as an essential micronutrient.

Iron plays an

important role in metal-activated enzyme systems [Bruland, 1980]. Laboratory
iron uptake studies indicate that phytoplankton need 0.0008 mol of Fe for each 106
mol of C in order to meet minimum growth requirements (C:Fe ratio = 130,000:1;

[Anderson and Morel, 1982]). For optimum growth to occur, 0.01 mol Fe are
needed for each 106 mol of C (10,600 C: 1 Fe, [Morel and Hudson, 1985]). Thus the
phytoplankton requirement is apparently in the range of 1 Fe to 10,000-100,000C.
It appears that the requirement is not the same for all biological species, and it is
possible to distinguish coastal species, which require a considerable quantity of
iron, and oceanic species, which need much less. There is a larger quantity of
iron in coastal waters than in the open sea. Swift et al. [1990] have studied Fe
uptake and growth requirements with the oceanic diatom Thalassiosira oceanica
and the estuarine species Thalassiosira pseudonana by using radiotracer 55Fe.
They reported a cellular Fe:C ratio of ~2 x 10-6 at a near-maximum specific growth
rate of 1 day-1 for the oceanic species, T. oceanica, and they also found that at the
same growth rate estuarine species require 3-4 times more Fe per carbon atom
than oceanic species.
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Duce [1986] compared the atmospheric
mechanisms transporting

input to the open ocean with

iron vertically from deep waters and pointed out that if

10% of the atmospheric iron entering the open ocean dissolves, air-sea exchange
processes could supply 30-96% of the dissolved iron input to the photic zone of the
Sargasso Sea and 16-76% to the central North Pacific Gyre.

This quantitative

estimate of the importance of atmospheric iron input to the open ocean has greatly
stimulated the study of iron in the open ocean. Martin and Gordon [1988] recently
evaluated the iron distribution

in relation to phytoplankton

productivity in the

Northern Pacific and found that PO4 3-, NO3-, and Fe are highly correlated and
that C:Fe ratios (1.9, 1.8 and 2.6 x 10 5) are of the same order of magnitude
minimum

phytoplankton

C:Fe ratio.

as

This suggests that Fe cycling may play a

greater role in the biogeochemical cycling of organic C than

was previously

realized. They pointed out that only with sufficient atmospheric input can the Fe
requirement of open ocean phytoplankton be fulfilled.
Martin and Gordon [1988] measured the dissolved and particulate

iron

concentrations in three 0-2000 m profiles on a 1600 km inshore-offshore VERTEX
transect, and evaluated the inshore and offshore iron distribution in relation to the
phytoplankton's

requirement

for this essential element.

They concluded that in

the Northeast Pacific 95% of the iron must be provided by atmospheric

input.

According to Martin et al. 's [1989] study, there is a normal surface depletion of
nitrate from 33° to 42°N of the Northeast Pacific and along the Alaska continental
margin,

whereas

there

is a relatively

high concentration

of nitrate

in the

upwelling regions between 45° and 54 °N in the easterly flowing Subarctic Current
and Alaska Dome surface waters.

It was postulated

that there is not enough

available atmospheric iron in the Gulf of Alaska to support the high growth rates
that would lead to normal major nutrient depletion.
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The atmospheric iron fluxes

and concentrations

are evidently low in the Southern

eastern

Pacific, where excess nitrate

equatorial

observed.

In surface waters

of the Subarctic

Ocean and also in the

concentrations
and Antarctic,

have been
where major

nutrients are never depleted, iron supplies may be limiting phytoplankton growth,
since heavy precipitation washes out most atmospheric iron before it reaches these
regions

and the remaining

phytoplankton

amounts

are insufficient

to meet the elevated

demand resulting from major nutrient upwelling.

It is very interesting

that

because

of the absence

of land masses,

atmospheric Fe input is rather limited between 40°8 and the Antarctic continental
margin. Excess major nutrients and relatively low productivities, considering the
major nutrients

present,

occur in these waters except along the continental

margin and ice edges, where high productivities
should be adequate.

occur and where Fe supplies

Also, the lower glacial atmospheric

resulted from the increased

biological utilization

CO2 levels, which

of major nutrients

at high

latitudes, may have been stimulated by the enhanced availability of atmospheric
Fe [Martin and Gordon, 1988; Martin et al., 1988; Martin et al. , 1989; Martin et al. ,
1990]. All these results

show that the chemistry of atmospheric

iron and its

geochemical behavior in the surface waters of the ocean are of great significance,
not only relative to the geochemical cycling of iron but also relative to biological
productivity in the ocean.
Clearly much more work is needed before we can properly evaluate the
impact of atmospheric

iron on biogeochemical

cycling.

There is need for

laboratory and field programs to estimate more accurately the net atmospheric
iron input to the ocean, as well as vertical particulate

fluxes in the ocean at the

mesoscale (coastal regions, enclosed seas) and at the global scale. Little about the
physical

chemistry

of atmospheric

iron is known.
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The concentration

of

atmospheric

iron in some wet deposition samples, particularly

those collected

from remote marine regions, is too low to be routinely detectable.

However, our

knowledge about atmospheric iron has increased significantly over the last few
years.

It has attracted

more and more scientists'

study since it has been

recognized that it may play a greater role in biogeochemical cycling and biological
primary productivity
oceanographers

in the ocean than previously

believed.

Chemists

and

have been studying, and will pay more and more attention

atmospheric iron.

to,

It should thus be possible in the near future to suggest a

chemical mechanism for the observed iron partitioning

in wet deposition and to

refine a geochemical model of iron exchange between the ocean and atmosphere.
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CHAPTER 2:

The Dissolution of Atmospheric Iron in Surface Seawater of the
Open Ocean

(This paper has been published in J. Geophys. Res., 95, 16207-16216, 1990.
The authors of this paper are G. Zhuang, R. A. Duce, and D. R. Kester)
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ABSTRACT
A series of leaching experiments designed to determine the soluble fraction
of atmospheric iron in seawater was conducted. Aerosol samples collected in 1986
at four island stations (Midway, Oahu, Enewetak, and Fanning) of SEAREX (SeaAir Exchange) and in May 1988 at station 4 (33.3°N, 139.1°W) of VERTEX (Vertical
Transport

and Exchange) were leached by surface seawater collected from the

North Pacific and Sargasso Sea and at a pH range of 3-8. The results from these
experiments

indicated

that for all marine

aerosol

samples

examined,

dissolution of atmospheric iron was limited by a similar saturated
range.
pass

the

concentration

Using the operationally defined concept of a dissolved fraction that could
through

atmospheric

a 0.4-µm filter,
iron in seawater

the "saturated

concentration"

was found to be ~10-17 nmol/kg.

of dissolved
If 0.05-µm

Millipore filter was used to separate the soluble fraction from the particulate
fraction, the "saturated concentration" of dissolved atmospheric iron in seawater
was found to be ~5-8 nmol/kg.

The dissolution of atmospheric iron in seawater

takes place within a few minutes.

If the total iron concentration was less than 2

nmol/kg (the open Pacific Ocean is in this category), ~50% of the atmospheric iron
dissolved in seawater.

A comparison of the atmospheric dissolved iron flux into

the North Pacific with the dissolved iron profile in this area suggests that more
than 99% of the dissolved iron is provided by atmospheric input.
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1. INTRODUCTION
Iron, like nitrogen

and phosphorus,

is a critical nutrient

for primary

productivity in the ocean. Iron is essential for organisms since it is a important
element of respiratory

pigments, proteins, and many enzymes.

There are a

number of papers related to iron chemistry in the ocean [Landing and Bruland,
1987; Hong and Kester, 1986; Symes and Kester, 1985; Waite et al., 1984; Gordon et

al. 1982;Anderson and Morel, 1982; Danielsson, 1980; Kester et al., 1975], but only
a few investigate atmospheric iron in the marine environment.

Arimoto et al. [1985] showed that the rate at which atmospheric iron is
deposited in the ocean is similar to its rate of removal to the sediments in the
tropical North Pacific. Murphy et al. [1984] suggested that iron limitation may be
quite important in the open ocean for species that utilize iron efficiently. Moore et

al. (1984] have discussed the potential importance of atmospheric iron on primary
productivity in the open ocean. They point out that a 10% leachable fraction of iron
in atmospheric dust would cause the atmospheric supply of iron to the surfacedwelling oceanic biota to exceed the mixing supply on even an annual basis and
certainly

on shorter

time scales.

Moore et al. [1984] suggested

that

the

atmospheric input may provide the main source of iron for the biota in the open
ocean.

Duce [1986] compared the atmospheric input to the open ocean with

mechanisms transporting iron vertically from deep waters and points out further
that if 10% of the atmospheric iron entering the open ocean dissolves, the air-sea
exchange processes could supply 30-96% of the dissolved iron input to the photic
zone of the Sargasso Sea and 16-76% to the central North Pacific Gyre.
Recently, Martin and Gordon [1988] measured the dissolved and particulate
iron concentration

in three 0-2000-m profiles on a 1600-km inshore-offshore
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Vertical Transport and Exchange experiment (VERTEX) transect.

They evaluated

the inshore and offshore iron distribution

requirement

phytoplankton for this essential element.

in relation to the

of

They concluded that in the northeast

Pacific, 95% of the iron required biologically in surface seawater must be provided
by atmospheric input.
To date there

has been very little

research

on the availability

of

atmospherically derived trace metals to marine biological systems, particularly in
open ocean regions. While there have been several studies of the solubilization of
metals present on aerosol particles in distilled water or acidic solutions, there
have been relatively few studies of the solubility of these metals in seawater.
Crecelius [1980] investigated the solubility in seawater of coal fly ash and aerosols
collected from the Washington coastline. He found that less than 1% of the iron in
fly ash was soluble and that 7-8% of the iron in coastal marine aerosols dissolved
within 1 hour. Hardy and Crecelius [1981] investigated the seawater solubility of
iron on urban aerosols collected in Seattle, Washington, and St. Louis, Missouri,
as well as at a rural site, Quillayute, 5 km from the Washington coastline.
found iron solubility in seawater
investigated

the seawater

They

ranging from 1% to 8%. Hodge et al. [1978]

solubility of metals on aerosols collected from the

Scripps Pier at La Jolla, California, and from a coastal site in Baja California,
Mexico. Their results showed that only 1.3% and 0.3%, respectively, of the iron
dissolved in seawater at these two sites. Breslin and Duedall [1987] found that the
acid oil ash that produced a leachate of pH 4.2 and 3.0 released 0.5% and 8.8%,
respectively, of the total iron from a 1:100 oil ash-seawater mixture.

Moore et al.

[1984] determined the solubility in seawater of metals present on aerosols from a
maritime

environment

in Halifax, Nova Scotia, Canada,

aluminum, assuming aluminum was largely insoluble.
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relative

to that of

He found that about 10-

12% of the iron, relative to aluminum, was soluble in seawater and that there was
no measurable affect on the iron solubility in the pH range from 5.4 to 8.0. In most
of the studies mentioned
investigated.

above, urban or near-urban

aerosol particles

were

The only studies of the solubility in seawater of metals present on

aerosol particles collected from remote marine areas are those of Maring

and

Duce [1987, 1989, 1990] for aluminum, copper, and lead.
The studies mentioned above which reported a percentage

solubility of

atmospheric iron in seawater were based on the empirical data from individual
samples.

The relative amounts of total atmospheric iron and of seawater used

were not specified in most of these studies.

A study of the solubility and the

speciation of dissolved iron in seawater by Byrne and Kester [1976a] investigated
the solubility of hydrous ferric oxide by a simple filtration experiment using 0.05µm filters and Millipore ultrafilters.
[Fe3+J[H+J-3
seawater.

= 4. 7

They reported a solubility product of *Ks0

x 10 5 for hydrous

ferric oxide freshly precipitated

The dissolution of hydrous oxide can be represented

=

from

by the following

equation [Byrne and Kester, 1976a]:

(1)
where n

= 2 or 3; for n = 3, x = 0 (i.e., Fe 20J);

for n

= 2, x ~ 0 (i.e., FeOOH

·xH2O).

The expression of the solubility product of any of the hydrous ferric oxide solid
phases, *Ks0 = [Fe3 +J[H+J-3, incorporates

the dependence

of the solubility

equilibrium on both the solid phase and the pH in the solution. The concentration
of the total dissolved iron (D(Fe)) in a solubility equilibrium
dissolved forms of iron in seawater.

depends on the

At sufficiently high pH (~5) hydroxyl species

are the dominant forms of iron in seawater, and the following equation can be
expressed as the relationship between D(Fe) and *Ks0 [Byrne and Kester, 1976b].
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(2)

= [Fe(OH)+ 2][H+]J[Fe3+], *132 = [Fe(OH)2+l ][H+] 2l[Fe 3+], *~3 =
[Fe(OH)30][H+]3/[Fe3+], and *~ = [Fe(OH)4•l][H+]4/[Fe3+].
At pH = 5, the

where

*~1

excluded soluble iron species represent less than 2% of the total dissolved iron in
seawater [Kester and Byrne, 1972]. From their experiment they estimated
upper bound of 20 nmol/kg for total dissolved iron in seawater

an

that could pass

through a 0.45-µm filter.
To date there has been no research on the dissolution of atmospheric iron
present on remote marine aerosol particles in open ocean surface seawater.

The

objective of this study was to determine directly the dissolution in seawater of iron
present on marine aerosols collected over the remote ocean and to evaluate the
contribution of the atmospheric input to the dissolved iron in surface seawater of
the north Pacific Ocean.
2. EXPERIMENTAL METHODS

2.1. Sampling
The atmospheric
continuously

aerosol particles

used in this study were collected

for 1-week periods using high-volume air-sampling

systems and

Whatman 41 filters (20 x 25 cm). Samples were collected in 1986 at four island
stations

(Midway, Oahu, Enewetak,

and Fanning)

of the SEAREX (Sea-Air

Exchange) Asian Dust Study Network in the north Pacific. A detailed description
of the sampling system, procedures, and handling were given by Uematsu et al.
[1983] and Duce et al. [1983].

Additional aerosol samples from the Northeast

Pacific were collected on a cruise of RIV Point Sur from May 17 to 30, 1988, near
station 4 (33.3°N, 139.1°W) of the VERTEX Program in the northeast Pacific. High-
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volume air-sampling

systems and Whatman 41 filters (24 cm-diameter)

were

used. The sampling sites are shown in Figure 1. The sampling system at each
island site was located directly on the windward coast and as close to the ocean as
possible.

Samplers were elevated from 3 to 20 m above sea level on each of the

islands and on the ship to ensure that samples were representative

of the clean

atmosphere over the ocean and not contaminated by materials from local sources
or from the ship. Sampling was controlled by local wind direction at the island
sites.
Surface seawater samples were collected at 30 m depth at Station 4 in the
North Pacific in May 1988 by using Teflon-coated 30-L Go-flo bottles suspended on
nonmetallic Kevlar line. The Sargasso Sea seawater sample was collected within
the first meter on October 27, 1987, from a small boat that was launched from the
RIV Westward at 38°N, 58°W. The north Pacific seawater samples were filtered
through

acid-washed

142-cm 0.4-µm Nuclepore

sandwiches as soon as the samples were collected.

filters

mounted

in Teflon

The Sargasso Sea seawater

samples were filtered through acid-washed 47-cm 0.4-µm Nuclepore filters in a
Class 100 clean room at the University of Rhode Island.

These samples were

stored frozen from the time of collection until use in this study. All labware and
experimental

apparatus

and all Whatman 41 and Nuclepore filters were acid-

washed using a procedure described in Table 1.
2.2. Leaching Experiments
A series of leaching experiments was conducted.

These experiments were

designed to determine the soluble fraction of atmospheric iron present on aerosols
after they are deposited in seawater.
seawater

Aerosol samples were leached by surface

collected from the North Pacific and from the Sargasso
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Sea at pHs

ranging from 3 to 8 and at a temperature of 20±0.5°C. The procedures used during
the aerosol leaching experiments are illustrated in Figure 2. Portions of the highvolume 20 cm x 25 cm or 24-cm-diameter Whatman 41 filter samples and blank
filters were used in these experiments.

Each filter sample was divided into equal

portions, one of which was used for each leaching and the other for measuring the
total iron concentration

in the aerosol samples.

Generally, an experiment was

run at least twice by using two or more separate portions of the same sample filter
and aliquots of the same seawater.

Filter samples were introduced into 100 g or

200 g of the filtered surface seawater, whose pH was known, in acid-washed
polyethylene bottles. Some samples were introduced into 500 g and 1000 g of the
seawater to determine the dependence of the soluble fraction of atmospheric

iron

in seawater on the ratio of the mass of the seawater in which samples were
leached to the total aerosol iron which was introduced.

The bottles with aerosol

samples and seawater were then shaken, generally for 1 hour.

A few samples

were divided into several equal portions, each of which was shaken for different
times (2, 5, 15, and 30 min and 1, 2, 3, 6, and 120 hours) to determine the solubility
equilibrium time for atmospheric iron in seawater.

After shaking the seawater

samples with the sample filters, they were then filtered using 47-mm-diameter
0.4-µm Nuclepore and/or 0.05-µm Millipore filters. The seawater passing through
the filters was used for the analysis of the dissolved iron concentrations

derived

from aerosol samples.
All vessels and equipment used to leach the aerosol samples were made of
either low-density polyethylene, polysulfone, or FA Teflon.

Only graduated

cylinders, volumetric flasks, and Eppendorf pipet tips which contacted sample
solutions for a short time were made of polypropylene.

All apparatus

and all

filters used were acid-washed by the same procedure as shown in Table 1. All
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sample handling and leaching experiments

were performed in Class 100 clean

laboratories at the University of Rhode Island, Kingston, or on board ship.
The pH of the seawater was measured with a model 701 digital meter
(Orion Research

Incorporated)

by using a combination

electrode

(Corning

Scientific Instruments).
To determine if there was significant adsorption of dissolved iron on the
walls of the bottles during leaching, aliquots of seawater containing dissolved iron
from the aerosol samples collected at Station 4 and Midway and leached by North
Pacific surface seawater (pH = 8.11) were measured at different times after the
leaching experiment.

The concentration of the dissolved iron remained the same

within the measurement error for at least 48 hours, indicating that the adsorption
of dissolved iron on the wall of the bottle can be ignored for at least that long (see
Table 2).
2.3. Chemical Analysis
A Perkin-Elmer

5000 atomic absorption spectrophotometer

equipped with

an HGA 500 graphite furnace was used to determine the iron concentration

by

using standard addition techniques.
Total iron (T{Fe)). At least two portions of each Whatman 41 filter sample
were introduced separately into polyethylene vials and ashed in a low-temperature
asher (Model 505, Tracerlab LFE Incorporated, power setting 500 W). The residue
was digested in concentrated nitric acid that had been double-distilled in quartz
and hydrofluoric acid that had been double sub-boiling distilled in Teflon bottles.
After 12 hours of digestion, a quantity of Milli-Q water was added to the vials, and
the solutions in the vials were used for the analysis of the total iron concentration,
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T(Fe), in the aerosol samples.

As a comparison, a portion of the same filter

sample was introduced into a vial and digested with double-distilled hydrochloric
acid, nitric acid, and hydrofluoric acid without previously ashing the sample
filter. The resulting analytical difference is within the measurement uncertainty.

Particulate iron

{P{Fe)).

After leaching,

the seawater,

including

aerosol and the Whatman 41 filter, was filtered using a Nuclepore/Millipore
Both the dislodged aerosol particles

and the Whatman

the
filter.

41 filter itself were

deposited on the Nuclepore/Millipore filter and were washed with 1 mL of distilled
and deionized water to remove any sea salt adhering to the particles.

The residue

was used for the analysis of particulate iron, P(Fe), from the aerosol samples.

To

determine the particulate iron, the Nuclepore/Millipore filter and the Whatman 41
sample filter in the vials were digested with double-distilled

hydrochloric acid,

nitric acid, and hydrofluoric acid for 24 hours and then diluted with Milli-Q water.

Dissolved Iron

(D(Fe)}. The soluble fraction of atmospheric

iron is

operationally defined in this paper as any material that passed through a 0.4 µm
N uclepore filter, unless indicated otherwise.
Dissolved iron,
preconcentrated

D(Fe), in seawater

before

and after

by a modified Co-APDC coprecipitation

leaching

technique

was

[Boyle and

Edmond, 1975]. The procedure was described in detail by Huizenga [1981]. In our
work the filtered seawater samples after leaching were acidified to pH 3.5 with
nitric acid that had been double-distilled

and then 1 mL of 0.2% ultrapurified

C0Cl2 solution and 2 mL of 2% ultrapurified APDC solution were added to 100 mL
of the seawater.

The resulting precipitate was collected on an acid-cleaned 47-cm

0.4-µm Nuclepore filter by vacuum filtration.

The precipitate with the Nuclepore

filter was transferred into a vial and digested with 2 or 5 mL of 2N nitric acid. The
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vial with the sample was then ultrasonicated

for 20 min and used for analysis of

the dissolved iron concentration.
The recovery efficiency of analysis for dissolved iron was within 92-98%, as
determined by standard addition of iron to northeast Pacific surface seawater (See
Table 3). The precision was better than 8% (n

= 6).

The D(Fe) in surface seawater

of the North Pacific Ocean and the Sargasso Sea as measured in this work are 0.06

± 0.03 nmol/kg (n

= 12) and 0.15

± 0.05 nmol/kg (n

= 12) respectively.

The dissolved

iron procedural blank (same procedures for deionized water) was 0.12 ± 0.02
nmol/kg (n

= 12).

Blank Whatman 41 filters were also leached and analyzed by the same
procedures, providing information on the blank iron concentration

in the filter

and the inevitable iron contamination

from labware, handling,

equipment.

The blank

particulate

concentration

in the Whatman 41 filters was 0.1 ± 0.02 nmol/cm2, 0.1 ± 0.02

total

iron,

nmol/cm 2, and < 0.01 nmol/cm 2, respectively (n

iron,

= 12).

and sampling

and dissolved

iron

The particulate iron blank

from the digestion procedure (0.2 mL of HNO3, 0.2 mL of HF, and 0.4 mL of HCl
with one piece of 47-mm 0.4-µm Nuclepore filter) was 0.25 ± 0.10 nmol/kg (n = 12).
3. RESULTS AND DISCUSSION

3.1. Dissolution Equilibrium Time
In the open ocean the concentration and distribution of iron is related not
only to its thermodynamics in seawater but also to the kinetics of the dissolution
process.

During the investigation

of dissolved atmospheric

iron leached from

aerosols by surface seawater we measured the dissolution rate of atmospheric
iron. Figure 3a illustrates the relationship of D(Fe) concentration to the leaching
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time in seawater at pH= 8.11. An aerosol sample collected at VERTEX Station 4
was used in this experiment.

The D(Fe) concentration

was determined

after

shaking the aerosol samples in North Pacific surface seawater for the indicated
times.

There is no significant difference in D(Fe) that was determined

after

shaking the sample for more than 30 hours and after shaking for only 2 min.
These results indicate that the dissolution of atmospheric
values apparently reaches equilibrium very quickly.

iron at oceanic pH

Therefore, the atmospheric

iron would reach dissolution equilibrium in the photic zone of the open ocean
before the dust sinks into deeper layers.
The equilibration time of D(Fe) with P(Fe) at low pH, especially at pH< 4,
was longer than that at seawater pH.
concentration

Figure 3b shows the dissolved iron

for an aerosol sample collected at Oahu (OA 183, 1/14-1/21/1986,

T(Fe) = 1780 nmol/kg) as a function of leaching time at pH = 3.1. The results
indicate that the equilibration time for atmospheric

dissolved iron in seawater

under these conditions was ~2 hours. The "saturated" concentration of dissolved
atmospheric iron (defined as passing through a 0.4-µm filter) in the acidic water
(pH= 3.1) was 7-9 times greater than the concentration in seawater at a pH= 8.11
(see Figure 3a). It also took longer (about 2 hours) to dissolve the atmospheric iron
in the aged aerosol samples and to reach the equilibrium D(Fe).
3.2. The Saturated Concentration of Atmospheric Iron in Seawater
The aerosol samples collected from different locations were leached by
surface seawater collected from the North Pacific or the Sargasso Sea. The mass
of seawater used for each experiment was 100 or 200 g, and the total aerosol iron
which was introduced
results

into seawater was different for different samples.

of the leaching

experiments,
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including

the dissolved

The

iron, D(Fe),

particulate iron, P(Fe), and total iron, T(Fe), concentrations

for each experiment

after leaching are summarized in Table 4. The total atmospheric iron introduced
into the leaching experiments shown in Table 4 resulted in T(Fe) concentrations
ranging from 67 nmol/kg to 6610 nmol/kg. The concentrations
derived from marine aerosols in these leaching experiments

of dissolved iron

ranged from 3.5 to

17.3 nmoVkg, 20-100 times higher than D(Fe) in the original filtered North Pacific
seawater or the Sargasso Sea seawater.
The relationship between D(Fe) and T(Fe) is illustrated in Figure 4. Figure
4 suggests that if the total iron introduced

into seawater

results

in a T(Fe)

concentration greater than ~200400 nmoVkg, the dissolved iron from the mineral
aerosol approaches a saturated concentration range of 10-17 nmoVkg. There is no
apparent

difference for aerosol samples collected in different locations.

Even

when the leaching time extended up to 120 hours, the dissolved iron concentration
in seawater never exceeded this range.

When evaluating the impact of mineral

aerosol on the iron content of seawater, the limiting concentration range must be
kept in mind.

These data indicate that for all remote marine

aerosol samples

examined, the solubility of atmospheric aerosol iron in seawater was limited by a
similar

saturated

concentration

of the various

forms of

atmospheric iron that might be present on the marine aerosol particles.

This has

not been shown previously.

range, regardless

This apparent saturated

concentration of dissolved

iron derived from atmospheric marine aerosol is close to the upper bound of 20
nmol/kg for total D(Fe) in seawater

in equilibrium

with ferric hydroxide,

as

observed by Byrne and Kester [1976a]. This suggests that the apparent saturated
concentration

in seawater from mineral aerosol might be controlled largely by

hydrous ferric oxide solid phases and iron hydroxide complex species.
3.3. Soluble Fraction of Atmospheric Iron in Open Ocean Seawater
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The leaching experiments indicated that the concentration of dissolved iron
was saturated

in seawater when the total iron introduced from aerosol samples

was greatly in excess of the dissolved iron.

Obviously, the soluble fraction of

atmospheric iron in seawater was largely dependent on the ratio of the mass of
total iron to the mass of seawater which was used to leach the aerosol samples.
Figure 5 illustrates

the relationship between the soluble fraction of atmospheric

iron which passed through a 0.4-µm Nuclepore filter and the total concentration of
iron in the seawater used in the experiment.

Different fractions of the same

aerosol sample collected from Station 4 were used in this experiment.

When the

total iron concentration in the experiment was less than 2 nmol/kg, ~50% of the
atmospheric iron dissolved in seawater.
As mentioned above, there have been a number of papers in which the
solubility of atmospheric iron in seawater was expressed as a percentage.
authors did not specify the ratio of the total input of atmospheric

Most

iron to the

seawater mass used in their studies. The experimental conditions in these earlier
studies are often quite different.

In some papers a half or a quarter of a sample

filter was introduced into 100 g of seawater to be leached. In such an experiment
the percentage of the aerosol iron which would dissolve must have been limited by
the saturated concentration, as T(Fe) would have been greatly in excess of D(Fe).
From our results it is clear that in many of these earlier studies the observed
solubility percentage could not be expressed as the "solubility of atmospheric iron
in seawater". The percentage solubility can be used only when the ratio of the total
iron or total dust to the seawater mass or seawater volume is specified.
However, when evaluating the impact of atmospheric

input on the iron

concentration in seawater, the percentage of the total iron that is soluble must be
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estimated.

The atmospheric dust input in the North Pacific was measured

Uematsu et al. [1985]. Using their dust flux values at Oahu and assuming

by
that

dust contains 5.2% iron, we can calculate a daily total iron flux from a mean of 0.8
µmol/m2·day

during the "clean" period of July-January

during the "high-dust" season of February-June.
iron flux at Oahu is 1.2 µmol/m2·day.

to 1.6 µmol/m 2 ·day

The annual average of the total

Landing and Bruland [1987] reported a

residence time of 140 days for particulate refractory iron at depths from Oto 135 m
in the central North Pacific (14°40.8'N, 160°01.3W). On the basis of these data (140
day residence time for P(Fe) in the upper 135 m), it is reasonable to assume that
the dust input into surface seawater could mix to at least 1 m depth in 1 day.
Thus, in the mean the total iron concentration resulting from the introduction of
marine aerosol into surface seawater in this area after 1 day would have an upper
range from 0.8 to 1.6 nmol/kg.
apparently

As shown in Figure 5, under these conditions

~50% of that atmospheric iron entering in the North Pacific should

dissolve in the surface seawater.

As reported above, typically the dissolved iron

concentration in surface seawater of the North Pacific is less than 0.1 nmol/kg.
On an average day, even if all of the atmospheric iron entering the ocean near
Oahu dissolved in seawater, the dissolved iron concentration would still only be
about one tenth of the saturated concentration range of 10-17 nmol/kg.
It must be noted that the dissolved iron concentration in the open ocean
may not be controlled by the solubility equilibrium.

Even though 10-17 nmol/kg is

apparently

range of dissolved iron from

marine

the limiting saturated

aerosols,

the experimental

concentration
results

also showed

that

when T(Fe)

introduced into seawater from marine aerosols was less than 10 nmol/kg, not all
of the atmospheric iron dissolved. For example, Figure 6 shows the relationship
between D(Fe) and P(Fe) when T(Fe) introduced into seawater was less than 10
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nmol/kg. The adsorption of D(Fe) on the particles at very low T(Fe) may be more
important.

A detailed study of the adsorption of D(Fe) on the particles will be

considered in future work. The suspended particle concentration

in the surface

seawater of the North Pacific is typically 0.01-0.05 mg/kg [Landing and Bruland,
1987; Martin and Gordon, 1988). In our leaching experiments at T(Fe) < 5 nmol/kg
the introduced dust concentration was -0.01 mg/kg and the Whatman 41 filter
itself(0.25 or 0.5 cm2) contributed -2-4 mg/kg .. (The weight of the round Whatman
41 filter (24 cm) was -3. 7 g per filter.) An experiment designed to determine the
adsorption of D(Fe) on a blank Whatman 41 filter showed that at T(Fe) = 2.15
nmol/kg (by adding standard iron solution to the North Pacific seawater), 0.25 cm2
and 0.5 cm 2 of Whatman 41 filter adsorbed -0.2 nmol/kg and -0.4 nmol/kg of
D(Fe), respectively. Thus, the adsorption of D(Fe) on the surface of the solid phase
material

from both the aerosol particles

and the Whatman

41 filter in the

experiment was comparabl~ with that in the surface seawater of the open ocean.
Therefore, the adsorption of D(Fe) has already been taken into account in the data
from the leaching experiment.
There are, of course, three sources of dissolved iron in the surface seawater
of the open ocean: dissolution of atmospheric iron, vertical mixing from deeper
layers of the ocean, and lateral transport.

The D(Fe) regenerated at depth and/or

laterally transported to central ocean regions eventually will be reintroduced into
the surface waters via advective and diffusive vertical mixing processes [Martin

and Gordon, 1988). We can compare the atmospheric input and the vertical
mixing from deeper layers of the ocean of dissolved iron near Oahu.

Using the

data from this work, which predicts that -50% of the atmospheric

iron would

dissolve in surface seawater, we estimate the atmospheric flux of dissolved iron as
0.6 µmol/(m 2 day) near Oahu.

Martin and Gordon [1988) calculated a diffusive
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vertical flux of 0.0034 µmol/(m2 day) and an advective vertical flux of 0.00090
µmol/(m 2 day) with a D(Fe) of 0.075 nmol/kg at a depth of 150 min the central
North Pacific.

Thus, more than 99% of the dissolved iron flux into surface

seawater in this region may be provided by atmospheric input.
3.4. Effect of the pH of Seawater on the Dissolution of Iron in Marine Aerosols
The pH is the most important

factor controlling the solubility of ferric

hydroxide. In this work pH was controlled by adding very small volumes of 10-3 N
double-distilled HNO3 to the seawater until the pH was within a desired range.
For pH greater than 7 .6 or less than 5.0, the pH was easily controlled owing to the·
buffering

system in seawater.

Since artificial

buffers might complex and

solubilize iron, control of pH between 5.0 and 7.6 was much more difficult. In this
region only the leaching experiments where the pH remained stable (±0.05 pH
unit) after filtration are reported here.
The results of the leaching experiments carried out at different pHs and
with 0.05-µm and 0.4-µm filters are presented in Figure 7. The data are from the
same samples collected at station 4 and at Oahu. The experimental total iron used
in each pH experiment was 345 nmol/kg (ST4 01) and 1780 nmol/kg (OA 183). The
leaching time was 2.5 hours for both samples at pH < 6. The results showed that
at pH~ 3 the dissolved iron concentration, D(Fe), was ~60 nmol/kg with T(Fe) = 345
nmol/kg while D(Fe) could reach ~90 nmol/kg with T(Fe)

= 1780

nmol/kg.

As

mentioned above, if the T(Fe) introduced in seawater (pH ~8) was greater than
~200-400 nmol/kg, the dissolved iron reached the saturated

concentration.

In

contrast, the results at low pH indicated that the D(Fe) did not reach the saturated
concentration

with T(Fe)

=

345 nmol/kg.

As expected,

the dissolved iron

concentration increased with decreasing pH. Byrne and Kester [1976a] reported
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that the concentration of dissolved iron in equilibrium with freshly precipitated
hydrous ferric oxide increased by approximately 1 order of magnitude when the
pH changed by one unit in the pH range from 8 to 5 in their simple filtration

experiments using 0.05-µm filters.

They concluded that the major species of

dissolved iron in seawater were Fe(OH)2+ and Fe(OH)30.

In our experiments

using 0.05-µm filters, as the pH changed from 8 to 3, the dissolved iron
concentration increased by roughly a factor of 18. This might suggest that the
forms of atmospheric iron in the aerosol particles are quite complex. In addition
to the iron hydroxide and iron/aluminum-silicate forms, it is possible that organic
iron forms also exist.

I. Kanamori (personal communication, 1988) found that

~50% of atmospheric

iron may be organically associated in marine aerosol

particles. If this is the case, the dependence of the solubility of atmospheric iron in
seawater on pH would certainly be different from that of ferric hydroxide alone.
Recall that atmospheric iron is more soluble in the acidic seawater solution
(Figures. 3a, 3b, and 7). We believe it is likely that the atmospheric iron present in
the mineral aerosol particles dissolves to a significant extent while the particles
are transported from Asia to the North Pacific [Winchester et al., 1989]. Andreae
et al. [1986] has found that individual aerosol particles over the ocean are often a
mixture consisting of sea salt, mineral particles, and acidic sulfate aerosols. It is
likely that these mixed aerosols are formed as a result of coalescence processes
within clouds, with subsequent evaporation of the cloud droplets.

The result is

acidic hygroscopic aerosol particles in which dissolution of the mineral iron can
take place as the particles are transported

thousands

of kilometers over the

Pacific. This in turn would result in labile iron which is rapidly released to
seawater when the aerosol particles enter the ocean.
3.5. Concentration Dependence of Dissolved Iron on the Filter Pore Size
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All data reported above for dissolved iron concentrations,

D(Fe), are

operationally defined as the iron that passed through a 0.4-µm filter. It is known
that 0.4-µm Nuclepore filters may not remove the smallest colloidal particles
present in seawater, which have sizes ranging from 10 to 0.01 µm. Byrne and

Kester [1976a] indicated that 0.05-µm filters quantitatively
colloidal particles present in seawater.

remove the smallest

As a comparison, in our study the

dissolved iron concentrations in seawater from aerosol particles were measured
using both 0.05-µm Millipore and 0.4-µm Nuclepore filters for several samples (see
Table 5). For the same samples and the same seawater, at pH 8.11, it was observed
that for T(Fe) from 150 to 6600 nmol/kg the concentration of apparently "saturated"
dissolved iron that passed through 0.4-µm Nuclepore filters was ~2-3 times greater
than that that passed through 0.05-µm Millipore filters. However, from Figure 7 it
is also observed that the concentrations of the dissolved iron measured with both
filters agree at low pH but begin to diverge at high pH. This result suggests that at
low pH the high acidity may dissolve most of the colloidal particles.

The

"saturated" concentration at pH 8.11 of the dissolved iron from marine aerosol
samples which passed through a 0.05-µm Millipore filter was ~5-8 nmol/kg. This
is about 1 order of magnitude greater than the 0.4-0.8 nmol/kg given from a simple
filtration with a 0.05-µm Millipore filter in an iron hydroxide seawater solution

[Byrne and Kester, 1976a] but less than the 15 nmol/kg determined from rate of
dialysis experiments in the same system observed by Byrne and Kester [1976a].
The data in Table 5 also show that at very low T(Fe) concentrations the dissolved
iron concentrations were similar when both 0.4- and 0.05-µm filters were used.
We do not have an explanation for why the effect of 0.4- and 0.05-µm filters varies
with the total iron added.
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4. CONCLUSIONS
Our experiments lead to the following conclusions:
1. The seawater solubility (defined by passage through a 0.4-µm filter) of

atmospheric

iron collected from remote Pacific Ocean areas was limited by a

saturated concentration range of - 10-17 nmol/kg. If 0.05-Millipore filter was used
to separate

the soluble fraction from the particulate

concentration"

fraction, the "saturated

of dissolved atmospheric iron in seawater was found to be -5-8

nmol/kg.
2.

At very low total iron concentrations

(<2 nmol/kg), ~50% of the

atmospheric iron dissolves in seawater.
3. More than 99% of the dissolved iron in the surface water of the central
North Pacific may be provided by atmospheric input.
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TABLE 1. The Cleaning procedures
Apparatus

Filters

Event Time or Frequency

Reagent

Time or Frequency

Reagent

-------------------------------------------------------------------Wash
1x
detergent
3days
50%HCI
Rinse
Soak
Rinse
Soak
Rinse
Soak
Rinse
Soak
Rinse

5x
1 week
5x
1 week
5x
1 week
5x
1 week
5x

DIW*
50%HCI
DIW
25% HNO3
DIW
10% HNO3
DIW
1% HNO3
DIW

5x
3days
5x
5x
5x
5x

DIW
25% HNO3
DIW
3days
DIW
3days
DIW
3days
DIW

10% HNO3
l%HNO3
0.l%HNO3

Containers were stored with 0.1% HNO3. Materials were air-dried before use.
*DIW:, Deionized water
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TABLE 2. The Concentration of Dissolved Iron Measured at Different Times After Leaching
Time
Sample ID
ST4 01
MD 333
ST4 02

2 minutes
2.8±0.1
9.4±0.3
13.3±0.4

0.5 hour
2.8±0.1
9.7±0.2
13.1±0.2

1 hour
2.8±0.2
9.6±0.2
13.1±0.2

Concentrations are in nanomoles per kilogram.
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3 hours
2.7±0.1
9.6±0.4
13.2±0.3

48hours
2.6±0.1
9.5±0.2
13.1±0.2

TABLE 3. The Recovery Efficiency of D(Fe) Measured by Preconcentration With C0Cl2-APDC
Coprecipitation
Added Cone.
(nmol/kg)
4.45
8.86
13.2
17.6

Measured Cone.,
(nmol/kg)

Recovery Cone.
(nmol/kg)

Recovery,%

4.51±0.32
8.85±0.25
12.4±0.4
17.3±0.5

4.33
8.67
12.2
17.1

97.3
97.9
92.5
97.6

(%)

* The recovery concentration is the measured concentration minus the seawater blank (0.06 ± 0.03; n
12) and the procedural blank (0.12 ± 0.02; n = 10) in nanomoles per kilogram.
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TABLE 4. The Results of the Leaching Experiments
Station ID*

T(Fe)
(nrnol/kg)

Date

D(Fe)

(nrnol/kg)

P(Fe)
(nmol/kg)

Sargasso Sea Seawater

MD333
MD335
MD342
FA207
OA 185
OA 186
OA 187

March 20-21, 1986
March 22-23, 1986
March 29-30, 1986
March 21-27, 1986
Jan. 28 to Feb. 6, 1986
Feb. 6-15, 1986
Feb. 15-23, 1986

570±40
670±110
210±10
66±3
2480±530
2000±210
3000±140

MD342
MD353
MD354
OA 183
OA 183
OA 184
OA 184
OA 185
OA 186
OA 187
OA 187
OA201
FA204
FA211
EN167
EN 168

March 29-30, 1986
April 9-10, 1986
April 10-11, 1986
Jan. 14-21, 1986
Jan. 14-21, 1986
Jan. 21-28, 1986
Jan. 21-28, 1986
Jan. 28 to Feb. 6, 1986
Feb. 6-15, 1986
Feb. 15-23, 1986
Feb. 15-23, 1986
May 1-2, 1986
Feb. 6-13, 1986
April 17 to May I, 1986
June 11-18,1986
June 18-2 6,1986

210±10
430±30
350±40
1970±400
3940±800
2860±250
5720±500
2480±530
2000±210
3000±140
6000±280
155±9
77±3
154±6
167±24
66±4

ST4
ST4
ST4
ST4
ST4
ST4

May
May
May
May
May
May

203±6
340±10
680±20
330±40
660±80
1320±160

9.5±0.6
10.4±0.6
8.5±0.4
7.9±0.3
10.2±0.5
9.8±0.5
11.0±0.7

(2)
(3)
(2)
(2)
(2)
(2)
(2)

520±40
530±50
210±10
52±4
2140±270
1620±220
3420±440

(3)
(4)
(3)
(3)
(3)
(3)
(3)

(2)
(2)
(2)
(2)
(2)
(2)
(2)
(3)
(2)
(3)
(3)
(2)
(2)
(2)
(2)
(2)

9.5±0.5
12.2±0.8
9.0±0.5
14.8±1.7
16.0±1.6
10.4±0.4
16.5±0.8
13.4±0.6
12.6±0.7
15.4±0.7
17.3±0.8
8.6±0.5
4.6±0.4
6.7±0.5
3.5±0.4
4.3±0.5

(2)
(3)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)
(2)

200±30
410±60
290±40
1510±240
3030±380
2420±260
4730±510
2130±320
1670±240
2830±320
5560±770
120±20
62±10
120±20
160±20
79±10

(3)
(4)
(3)
(3)
(3)
(3)
(4)
(3)
(3)
(3)
(3)
(3)
(3)
(3)
(3)
(3)

(3)
(3)
(3)
(3)
(3)
(3)

9.4±0.4
13.4±0.5
15.3±0.8
13.4±0.8
15.8±0.5
15.9±0.6

(2)
(2)
(2)
(2)
(2)
(2)

170±30
290±20
580±50
310±30
620±70
1200±190

(3)
(3)
(3)
(3)
(3)
(3)

(2)
(2)
(2)
(2)
(3)
(2)
(3)

North Pacific Seawater

01
01
01
02
02
02

19-23,
19-23,
19-23,
23-26,
23-26,
23-26,

1988
1988
1988
1988
1988
1988

The pH for North Pacific seawater was 8.11 and for Sargasso Sea seawater was 8.04. The leaching time was I hour for all
samples. T(Fe): Total Fe concentration added to the seawater from aerosol samples. D(Fe): Dissolved Fe concentration from
aerosol samples. The pre-existing dissolved iron concentration has been removed from these numbers. P(Fe): Particulate Fe
concentration from aerosol samples. The numbers in parentheses denote the number of replicate experiments. The deviations
were calculated from the results of multiple injections for each replicate experiment.
* OA-Oahu; MD-Midway; FA-Fanning; EN-Enewetak; ST4-station 4, VERTEX.
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TABLE 5. D(Fe) in Seawater Measured Using Filters With Different Pore Sizes
Sampling Period

T(Fe)
(nmol/kg)

D(Fe)
(nmol/kg)
(0.4 µm)

ST401
ST402
OA187
OA201
OA201
MD354
MD354

May 19-23, 1988
May 23-26, 1988
Feb. 15-23, 1986
May 1-2, 1986
May 1-2, 1986
April 10-11, 1986
April 10-11, 1986

690±19
1260±40
6610±215
157±6.5
314±13
694±34
347±17

15.2±0.3
15.9±0.4
17.3±0.3
8.5±0.3
14.1±0.4
15.8±0.3
9.1±0.2

5.4±0.2
5.8±0.2
8.0±0.3
2.9±0.2
5.3±0.2
7.2±0.3
5.5±0.2

FA204
ST401
ST401
ST402
ST402
ST402

Feb. 6-13, 1986
May 19-23, 1988
May 19-23, 1988
May 23-26, 1988
May 23-26, 1988
May 23-26, 1988

78.0±2.8
4.3±0.3
2.2±0.1
4.0±0.2
2.1±0.1
1.5±0.1

4.7±0.1
1.5±0.2
1.0±0.1
1.4±0.1
1.0±0.1
0.8±0.1

3.9±0.2
1.3±0.1
0.9±0.1
1.3±0.1
1.0±0.1
0.8±0.1

Sample ID

Seawater pH= 8.11 for all samples.
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D(Fe)
(nmol/kg)
(0.05 µm)

Figure 1. Locations where samples were collected.
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Figure 3a. D(Fe) as a function of leaching time (pH=S.11)
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CHAPTER 3:

Fe(II) in Remote Marine Aerosol Particles: Evidence for Iron
Involvement in the Global Atmospheric Redox Cycle

This paper is prepared in a form which, after appropriate condensation,
will be suitable for publication in Science or Nature.
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ABSTRACT
The Fe(II) concentrations in remote marine aerosols have been determined
for the first time. As a volume weighted average, Fe(II) contributed 58% of the 2N
HCl-soluble Fe and 56% of the total Fe in marine aerosol samples collected over the
central North Pacific. It is postulated that the key reaction to produce Fe(II) and
to increase the solubility of iron in marine aerosols is [Fe(III)(OHXH2O)5]2+ +H2O
+ hv ----> [Fe(Il)(H2O)6]2+ + OH· or Fe(III) + S(N) + hv -----> Fe(II)a:i + S(VI).
The fact that the Fe(II) percentage of the total iron in remote marine aerosols
varies over a very wide range may be due to the presence of different Fe(IIl)hydroxy complexes, with very different spectral absorption

properties,

different pHs found in marine aerosol particles, rain, and cloud droplets.

at the
Also,

the presence of Fe(II) in remote marine aerosols may be an indication that OH·
has been produced in these heterogeneous reactions.
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Iron is essential to the growth of organisms, and iron derived from the
atmosphere may be the limiting nutrient for primary biological productivity in
some oceanic regions [Duce, 1986; Martin and Gordon, 1988; Martin and

Fitzwater, 1988; Martin et al., 1989; Martin et al., 1990]. It has been demonstrated
that eolian mineral dust is the major sources of a number of trace elements,
including iron, in many ocean regions [Duce et al., 1980; Prospero, 1981; Duce et

al., 1983; Uematsu et al., 1983, 1985; Zhuang et al., 1990; Chester et al., 1984].
The photolysis of Fe(III) may play an important role in the production of
hydroxyl radicals (OH·) in clouds, fog, and rain [ Weschler et al., 1986; Faust and

Hoigne, 1990].
numerous

Iron is an important

reactions,

electron-transfer

such as the oxidation of 802

reactions with free radicals.

'

catalyst

which affects

reactions with H2O2 and
'

These reactions, in turn, lead to higher acidity and

ionic strength of the atmospheric water or the surface of the aerosol particles, and
they accelerate the dissolution

of the atmospheric

iron present

either in the

mineral matter in the atmospheric water or on the surface of the aerosol particles.
Unfortunately, there is little information on the speciation of Fe in atmospheric
waters and aerosols, although Behra and Sigg [1990] recently reported that 20-90%
of the total iron is present as soluble Fe(II) over the pH range of 3-7 in fog samples
collected in Zurich.

Here we report the first concentrations

of Fe(II) in remote

marine aerosols.
As part of the SEAREX (Sea-Air Exchange) Program [Duce, 1983, 1989] the
atmospheric

aerosol samples used in this study were collected continuously for

one-week periods during 1986 by using a high-volume air-sampling

system and

Whatman 41 filters (20 x 25 cm) at four island stations (Midway, Oahu, Enewetak,
and Fanning) in the North Pacific. Additional marine aerosol samples from the
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North Atlantic collected at Barbados in April, 1990 and September and October,
1988 as part of the AEROCE (Atmosphere/Ocean Chemistry Experiment) Program
were also analyzed to confirm our results.

All samples were stored frozen from

the time of collection until use in this study. Urban aerosol samples were collected
during November, 1989 in the city of Xian (34°N, 109°E), which is located in central
China near the loess plateau region. Samples of loess were collected at Luochuan
(35.5°N, 109°E), China in the loess plateau region, an important source region for
the mineral aerosol particles found over the North Pacific.
Fe(II) concentrations
using

in aerosols and Chinese loess were determined

a newly developed high performance

liquid chromatography

by

(HPLC)

method [See Appendix B for details]. At least two portions of each Whatman 41
filter sample (with the same area as measured
introduced

separately

into Teflon vials,

for total iron, T(Fe)) were

and 2.2 mL 2N double-distilled

hydrochloric acid were added. After 3 hours the solution was filtered through a
0.4-µm Nuclepore filter.

The filtrate was divided into two parts and used for

analysis of both HCl-soluble iron, HCl(Fe), and Fe(II). For the analysis of Fe(II)
ultrapurified
concentration<

ammonia

solution

(Suprapur®,

Inc.,

iron

10-6%) was added to the sample filtrate to adjust the solution pH to

~4-5, and the solution was used for determination
colorimetric

EM Laboratories

reagent

of Fe(II) using HPLC.

FZ (3-(2-pyridyl)-5,6-bis(4-phenylsulphonic

The

acid)--1,2,4-

triazine) forms a stable complex with Fe(II) but not Fe(III) [Stooky, 1970]. A
Perkin-Elmer Series 3B liquid chromatograph was used. Detection was performed
by means of a Perkin-Elmer

LC-95 UV/visible spectrophotometer

detector.

detection limit was ~0.1 nmol/kg Fe(II) with Sep-pak C18 preconcentration.

The
The

peak of the Fe(II) complex with FZ, [Fe(II)(FZ)3]2+, in the HPLC measurement

was identified by retention time, by the addition of known amount of standard, and
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by comparing the peak ratios at various wavelengths.

An aerosol sample collected

at Enewetak, an island in the North Pacific (sample ID EN162) was measured at
various wavelengths of 230,254,270,290,310,330,350,450,546,

and 562 nm. The

ratios of peak area at these wavelengths to the peak area at 230 nm for a standard
solution and for the aerosol sample solution are shown in Table 2 of Appendix B.
The results indicate that the ratios for the standard solution and for the sample
were identical or very similar.

These results further identified the [Fe(FZ)3]2+

peak in the HPLC spectrum, and the results indicate that there was little or no
absorption due to other substances

in the aerosol samples,

such as possible

organic compounds. It would be unlikely that the organic compounds would have
the same absorbance at so many different wavelengths.
To determine if any Fe(II) was produced due to the reduction of Fe(III) by
FZ or other substances during the analyses, a standard Fe(l11) solution was added

to several blank Whatman 41 filters (~l µmol/cm2fi1ter, ~5-400 times higher than
that in the measured aerosol samples). These filters were measured for Fe(II) by
the same procedures used for measuring Fe(II) in the aerosol samples 7, 14, 35,
and 91 days after addition of Fe(III). In all of these cases there was no detectable
Fe(II) (i.e. Fe(II) < 0.028 ng).
A significant portion of the iron present in the remote marine aerosols was
in the form of Fe(II). Figure 1 and Figure 2 illustrate the relationship between the
Fe(II) concentrations and both the 2N HCl-soluble Fe concentrations (HCl(Fe)) and
T(Fe) in aerosol samples collected from the four Pacific island stations.

The

percentage of Fe(II) in the 2N HCl-soluble Fe and in the total Fe in remote marine
aerosols are also presented.

The results indicate that in the remote marine

aerosols examined collected from the North Pacific Fe(II) concentrations

ranged

from 12% to nearly 100% of the 2N HCl-soluble Fe and from 11% to nearly 100% of
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the total Fe. The volume-weighted average Fe(II) concentration was 58±26% of the
HCl(Fe) and 56±32% of the T(Fe) in these remote marine aerosol samples.
Fe(II) concentrations in the five aerosol samples collected from the North
Atlantic at Barbados in April, 1990 and September

and October, 1988 also

contributed a significant portion of the HCl(Fe) and T(Fe) [Figures 1 and 2]. The
Fe(II) in the aerosol sample collected on April 16, 1990 was 51±15% of the HCl(Fe)
and 49±15% of the T(Fe). The Fe(II) in the aerosol samples collected in September
and October, 1988 were in the range of2.5±1.1% to 21±15% of the HCl(Fe), and from
2.2±1.2% to 19±15% of the T(Fe), respectively.

The total iron concentrations

in

these samples were as high as ~0.6-5 µg/m3, while the total iron concentrations in
the aerosol samples collected over the North Pacific were in the range of 0.010-0.15
µg/m3.

Thus the total dust concentration

in the samples from Barbados was

extremely high. Although the percentage of Fe(II) in some of these samples was
less than 10%, the Fe(II) concentrations in these samples were in the range of ~28150 ng/m 3, which are similar to the Fe(II) concentration

range of 5-123 ng/m 3

found in the aerosol samples analyzed from the North Pacific.
As a comparison, the Fe(II) concentrations

in the urban aerosol samples

collected from Xian and in Chinese loess were also determined.

These urban

aerosol samples contain 5-18% and 4-11 % Fe(II), with a volume weighted average
of 8±6% and of 5±3% compared with the HCl(Fe) and T(Fe), respectively (See
Chapter 4, Figures 13 and 14 for individual sample data).

Chinese loess only

contains 0.5±0.3% and 0.4±0.3% Fe(II) compared with the HCl(Fe) and T(Fe),
respectively.
As shown in Figure 3, during the transport

of ~10,000 km from the center

of Asia to the central North Pacific the iron in the Chinese loess underwent
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significant
concentrations

physical

and

chemical

transformation.

The

mean

increased from less than 1% to over 50% of the total iron.

Fe(II)
The

solubility of these same marine aerosols in acidified water (pH= 2.0-5.6) was 5-17
times higher than that of Chinese loess [See Chapter

4].

Based on these

experimental results, it was evident that the atmospheric iron underwent redox
reactions during the long range transport.
As mentioned above, although there are quite a few data available on the
concentration

of total iron in both dry and wet atmospheric deposition, there is

little information available on the speciation of atmospheric iron.

Atmospheric

iron in the form of Fe20:3 has been identified as the major component in some
continental aerosols [Kopcewicz and Dzienis, 1971; Dzienis and Kopcewicz, 1973].
To date there is no information on the speciation of Fe in remote marine aerosols.
We have found that for the remote marine aerosols 90-100% of the atmospheric
iron is not present in the aluminosilicate matrix. This is also the case for Chinese
loess, the source of the marine aerosols over the North Pacific [See Chapter 4].
Although we have not accurately determined

iron speciation in Chinese loess,

there is no question that Fe(III), such as Fe20:3, is one of the major species of iron
in the loess.

The question here is what transformation

processes take place

during the long range transport of Chinese loess from Asia to the North Pacific.
In atmospheric water with a pH range from 2.5 to 5 the major Fe(III)
species is apparently [Fe(OHXH2O)5]2+ [Weschler et al., 1986; Faust and Hoigne,
1990]. The Fe(III)-hydroxy complexes have charge transfer bands of 290-400 nm
that strongly overlap the solar spectrum [Graedel et al., 1985; Weschler et al., 1986;
Faust and Hoigne, 1990]. At these wavelengths the following photoreaction is quite
efficient, the Fe(III) is apparently

reduced to Fe(II), and the hydroxyl radical,
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OH·, is produced [Graedel et al., 1985; Weschler et al., 1986; Faust and Hoigne,
1990]:
hv
[Fe(III)(OH)(H2O)5]2+ +H2O ----> [ Fe(II)(H2O)5]2+ + OH·ai

(1)

This may be the key reaction that produces Fe(II) and increases the solubility of
iron present in the marine aerosols.
Recently, Faust and Hoigne [1990] proposed that reaction (1) is a major
source of OH radicals

in clouds, fog, and rain.

They determined

that the

quantum efficiencies for this photolysis reaction are 0.14±0.04 at 313 nm, seven
times higher than the conservative estimate of 0.02 reported by Graedel et al.
[1985].

The hydroxyl radical plays a central role in the oxidation of many

tropospheric trace gases [Davis et al., 1984] and species in solution, e.g. rain and
cloud droplets.

One of these, DMS, is particularly

important.

Charlson et al.

[1987] proposed the possible existence of a climate feedback loop due to the
oxidation of DMS emitted from the open ocean, with subsequent
sulfate cloud condensation

nuclei.

formation of

The hydroxyl radical is involved in DMS

oxidation [Andreae, 1990]. One very important step in the climate feedback loop of

Charlson et al. [1987] is the oxidation of S(IV) to sulfate, and we believe this step
may be closely related to the Fe(III)-hydroxy complex reduction.

The mechanism

of Fe(III) reduction with S(IV) oxidation has been suggested as follows [Weschler

et al., 1986; Faust and Hoffmann, 1986, and references therein]:
(2)

Considering the production of OH· radicals in clouds, fog, and rain via Fe(III)
photoreduction, the following reaction may be the primary mechanism
oxidation:
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for S(IV)

S(IV)aq +OH·~----->

S(VI)~

(3)

The net result of the reactions represented by equations (1) and (3) would be
hv
Fe(III) + S(IV) ----> Fe(II)ai + S(VI)

(4)

It must be noted that the major Fe(III) species in water are pH-dependent.
Based on the formation constants of Fe(III)-hydroxy complexes given by Faust and

Hoigne [1990], we have calculated the percentages of the species [Fe(IIIXH2O)6]3+,
[Fe(III)(OH)(H2O)5]2+, [Fe(III)(OH)2(H2O)4]+, and [Fe(III)(OH)3(H2O)3J0 relative
to the total dissolved Fe(III) ion concentration at pHs from 0.5 to 8. These are
shown

in Figure

4.

It can be seen

that

at

pHs

[Fe(III)(OH)(H2O)5]2+ is the major species, whereas
[Fe(III)(H2 0)6]3+

is the

dominant

species.

[Fe(III)(OH)2(H2O)4]+ is insignificant.

~2.5

to ~5

at pH less than

At pH

Although

from

< 4, the

[Fe(III)(H2O)6]3+

~2.5

species
can also

photolyze to produce OH· radicals, the photoreduction of [Fe(III)(H2O)6]3+ in the
atmosp_here is not a major source of OH· because its absorption spectrum does not
overlap the solar spectrum [Faust and Hoigne, 1990] (See Figure 5). Thus, in an
environment

where the pH is less than 2.0, the photoreduction

produce Fe(II) in the atmosphere

may not be very significant.

of Fe(III) to
The pH of

rainwater is, in general, in the range of 3.5-5.5 [See Chapter 4], and the average
pH of cloud droplets is ~3.5 [Warneck, 1988] or perhaps a little lower. However, the
pH of a marine aerosol solution at ambient relative humidities could be lower than
1.0 [Zhu et al., 1990]. Therefore, if the aerosols did not pass though clouds during
their

long range

transport,

the primary

source

for Fe(II)

photoreduction of [Fe(III)(H2O)6]3+, which would be minimal.

would be the

This would mean

that the fraction of Fe(II) might be much less in these particles than in particles
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that are scavenged by cloud or rain droplets during their transport.

This may be

why the Fe(II) percentage of the total iron in remote marine aerosols varies over a
very wide range.
From the analysis above it can be seen that atmospheric iron present in
remote

marine

aerosols

may be involved in two important

processes: 1) its transformation

environmental

during its long range transport to the open ocean

provides a critical micronutrient,

iron, to the organisms in the open ocean, and

iron may be the limiting nutrient

in some oceanic areas, and 2) reduction of

atmospheric iron (III) may be a major source of the key oxidant OH·, and OH· may
be involved in the sulfur/climate

feedback loop.

Furthermore

if Fe, possibly

present initially as Fe(II), is the limiting nutrient in some areas of the ocean, it
may control to some extent the DMS production in those waters. Therefore, there
are two positive

feedbacks

relative

to the production

of Fe(II)

and

OH·.

Atmospheric dust provides Fe(III), which when reduced provides OH· and more
Fe(II). Then, 1) more Fe(II) could result in the production of more DMS, and the
increased DMS provides more SO2 and acidic SO4 = aerosol, which in turn leads to
more dissolved Fe(l11); and 2) more OH· will oxidize more DMS and thus result in
more SO2 and acidic SO4 = aerosol and more dissolved Fe(III).

Both of these in

turn lead again to more Fe(II) and more OH·, etc.
There are some other possible Fe(III) reduction paths, such as organic
complexation and the subsequent

organic iron complex reduction

[Behra and

Sigg, 1990]. Sulzberger et al. [1989] reviewed the various pathways
dissolution

of Fe(III)

(hydro)oxides

mechanisms:
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and

discussed

three

for the

predominant

1) Reductive thermal dissolution by suitable reductants,

primarily organic,

such as dithionite and ascorbate. However, many organic solutes are metastable
with regard to Fe(III), i.e., they do not spontaneously undergo redox reactions, but
readily undergo redox reactions in the presence of light.
2) Photochemical

reduction

of Fe(III) on the surface of the insoluble

particles to produce surface Fe(II) and then the dissolution

of Fe(II) in the

presence of organic solutes, such as, oxalate as the electron donor:
hv
2
a-Fe20J + C204 ·(ads.) +6H+ ----> 2Fe2+ + 2C02 + 3H20.

(5)

3) Catalytic dissolution by Fe(II) in the presence of a bifunctional complex
former (dicarboxylic acid, hydroxycarboxylic
ternary

acid, diphenol) that can form a

complex as a bridging ligand with Fe(II) at the surface
An inner-sphere

(hydr)oxides: >Fe(Ill)-X-Fe(II).

of Fe(III)

electron transfer occurs though

the ligand to the Fe(II). A combination of a reductant and a complex former (e.g.,
dithionite-citrate,
especially

ascorbate-oxalate)

efficient

in promoting

or complexes of lower valence metal are
fast

dissolution

of Fe(III)

(hydr)oxides.

Sulzberger et al. [1989] concluded that surface coordination controls the reactivity
of the iron oxide and in turn the rate and the pathway of dissolution.
light-accessible

regions all these

paths

may depend

Actually, in

on the photochemical

reduction of Fe(III). Although the Fe(II) catalytic dissolution is a dark reaction,
the production of Fe(II) still depends on the photoreduction of Fe(III).
It should be emphasized

that the proposed transformation

mechanisms

apply to the surface of the aerosol particles and require a wetted surface.
dissolution of atmospheric iron is apparently
Chapter 4 of this dissertation.

The

surface controlled, as reported in

The heterogeneous photoredox reactions mentioned
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above can occur either via an excited state of the Fe(III) (hydr)oxide bulk phase or
the surface

complex.

However,

the surface

organic

or inorganic

ligand

coordination is of great importance in these redox reactions because a ligand
which forms a chelate complex on the surface is more efficient for the electron
transfer than a ligand which does not form a surface chelate complex. Based on
mass balance considerations,
conditional

stability

Hirose [1990] recently suggested that the apparent

constant

of the metal-ligand

complexes,

defined

for

organically binding metals in suspended particles in seawater, coincides with the
conditional stability constant
seawater.

of the corresponding

metal-ligand

complexes in

Thus, the major species of iron in the wetted-surface

of the aerosol

particles at various pHs are reasonably assumed to be the same as those in the
waters at the same pH. Therefore, the photochemical reductions in clouds, fog
and rain proposed by Graedel et al. [1985], Weschler et al. [1986], and Faust and
Hoigne [1990] may also occur in the wetted-surface of the aerosol particles in the
same manner.

All the proposed transformation

mechanisms of atmospheric iron

during long range transport are illustrated in Figure 6.
The fact that a significant portion of the iron present in the remote marine
aerosols is in the form of Fe(II) provides strong evidence for iron involvement in
the global atmospheric

redox cycle. The photochemical reduction of Fe(III) to

Fe(II) with DMS oxidation to S(IV) (by OH- as the first step of DMS oxidation and,
in turn, S(IV) oxidation to produce sulfate via Fe(III) photochemical reduction)
may be a positive feedback loop in the biogeochemical cycle of sulfur and iron.
This positive feedback may be of significance for climate consideration
primary biological productivity in some areas of the open ocean.
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Figure 1. Fe(II) concentration as a function of the HCl(Fe) concentration in
remote marine

aerosols from islands

Barbados in the North Atlantic.
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Fe(II) concentration

remote marine

as a function of T(Fe) concentration

in

aerosols from islands in the North Pacific and from

Barbados in the North Atlantic.
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Figure 4. Fraction of monomeric Fe(III)-hydroxy complexes.

(1)
K1 = [Fe(OH)2+][H+]/[Fe3+]= 2.7 x l0-3 M
(2)

(The values of K1 and K2 were taken from Faust and Hoigne
[1990], at 293 K with ionic strenth = 0.03 M.)
(3)

Ka= [Fe(OH)30aq][H+]3/[Fe3+]= 1.2 x l0-13 M3 at I= 0.03 M
(The value of Ka was taken from a value of 2.4 x l0- 14 [Byrne
and Kester , 1976], in seawater at 36.22%0 salinity and 298 K,
with a correction for ionic strength effects from 1=0.7 M to
1=0.03 M)
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CHAPTER 4:

The Chemical Form and Transformation

of Iron in Remote

Marine Aerosols Over the North Pacific and its Dissolution in
Atmospheric Water

This paper, after suitable shortening, will be submitted for publication in

Limnology and Oceanography.
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ABSTRACT

The remote marine aerosols collected at four island stations (Midway,
Oahu, Enewetak,

and Fanning)

and during four Pacific cruises were used to

determine the form of iron in atmospheric

aerosols.

Aerosols collected from an

urban area near the Chinese loess plateau and sediments from the North Pacific
were also studied using the same procedures.

Both marine aerosols and Chinese

loess were leached by deionized water over a pH range of 2.0-5.6 to determine the
iron dissolution in atmospheric waters.
The results indicated that: 1) More than 90% of the atmospheric

iron in

remote marine aerosols over the North Pacific can be released in 2N acidic
solutions. 2) ~50% of the atmospheric iron was in the form of Fe(II). 3) At T(Fe) of
~ 17 µmol/kg the dissolved iron can reach 420, 430, 870, 1260, and 2780 nmol/kg in
solutions at pHs of 5.5, 4.8, 3.8, 2.8 and 2.0, respectively. 4) The solubility of iron in
the marine aerosols was 5-17 times greater than that of iron in Chinese loess at
the same pH.
We postulate that: 1) the mixing of mineral dust with sulfate/sulfuric

acid

aerosols as a result of coalescence processes within clouds might be a mechanism
to increase the solubility of atmospheric iron in cloud water or rainwater. 2) The
photochemical reductions with S(IV) or organic matter may be other important
mechanisms to increase the solubility of iron, which would be rapidly released to
rainwater, fog, or cloud droplets when the aerosol particles contact them during
long range transport over the open ocean.
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1. INTRODUCTION

The potential

importance

of atmospheric

productivity in the open ocean has been discussed

iron

relative

to primary

since Moore et al. [1984]

suggested that atmospheric input may provide a significant source of iron for the
biota in the open ocean. Duce [1986] calculated that most of the dissolved iron in
the surface seawater of many regions of the open ocean is provided by atmospheric
input of marine aerosol particles.

A series of subsequent

papers [Martin and

Gordon, 1988; Martin and Fitzwater, 1988; Martin et al., 1989; Martin et al., 1990]
indicated that atmospheric iron may be the limiting nutrient for phytoplankton
productivity in certain oceanic regions where other major nutrients are abundant.
However, understanding

the availability

of atmospheric

iron for planktonic

organisms in the open ocean is a key step in testing this hypothesis.

This issue

recently led to a controversial suggestion that a large-scale program of fertilizing
the Antarctic Ocean with iron might be able to partially control the level of carbon
dioxide in the atmosphere [Martin et al., 1989; Martin et al., 1990].
Since the solubility of iron as Fe(III) in natural waters and in relatively
high pH regimes such as seawater is extremely low [Stumm and Morgan, 1981],
atmospheric

iron has been believed to be practically insoluble in rainwater

and

seawater by a number of investigators [ Colin et al., 1990; Chester et al., 1990; Gatz
et al., 1984; Hodge et al., 1978]. To date there has been little research on the
availability of atmospheric iron to marine biological systems, particularly in open
ocean regions.

Recently, Zhuang et al. [1990] determined directly the dissolution

in seawater of iron present on marine aerosol particles collected over the remote
North Pacific Ocean.

They concluded that the seawater solubility (defined by

passage through a 0.4-µm Nuclepore filter) of atmospheric iron collected from this
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remote area was limited by a "saturated" concentration range of ~10-17 nmol/kg.
If 0.05-µm Millipore filters were used to separate the soluble fraction from the
particulate

fraction, the saturated concentration of dissolved atmospheric iron in

seawater was found to be ~5-8 nmol/kg. These authors reported that at very low
total iron concentrations (< 2 nmol/kg) ~50% of the atmospheric iron apparently
dissolves in seawater.
determines

The chemical form of atmospheric

its solubility in rainwater

and seawater.

dissolution of atmospheric iron in seawater and rainwater,

iron in aerosols

Thus, to explore the
determination

of the

chemical form of iron in marine aerosols is relatively important.
Several operational schemes have been proposed to determine the chemical
form of dissolved and particulate

trace metals in natural

waters [Buffie, 1988;

Salomons and Forstner, 1984; Leppard, 1983; Florence, 1982). These techniques
are, in general, based on: 1) separation of the dissolved and particulate fraction by
filtration

or centrifugation

determination

[Eisenreich et al., 1980; Hoffmann et al., 1981), 2)

of the redox states of the trace metal, such as iron [Hong and

Kester, 1986), or 3) determination

of exchangeable labile and bound fractions by

interaction with a weak acid or various exchange resins [Landing and Bruland,
1987). Eisenreich et al. [1980) reported a scheme to divide the particulate iron into
adsorbed, solid organic, oxide, and crystalline phases in samples from the upper
Mississippi River.

The various experimental

definition for the different fractions.

schemes only give an operational

Some of the thermodynamic

and kinetic

models of speciation of iron provide information on a molecular level [Stumm and

Morgan, 1981; Morel, 1983). Using inorganic equilibrium models Weschler et al.
[1986) determined that the major soluble Fe(III) species in atmospheric droplets
should be [Fe(H2O)5(OH)2]+, [Fe(H2O)4(OH)]+, and [Fe(H2O)5(SO3)]+. Although a
large quantity

of data related to the total atmospheric
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iron concentration

is

available in the literature,

there are few data on the speciation of atmospheric

iron. Important recent results reported by Behra and Sigg [1990] indicated that 2090% of the total iron is present as soluble Fe(II) over the pH range of 3-7 in fog
samples collected in Zurich.
It is known that continental dust from arid regions is the primary source of
mineral aerosols in the marine atmosphere

[Duce et al., 1980; Prospero, 1981;

Uematsu et al., 1983; Uematsu et al., 1985]. Several papers have demonstrated
that coarse-grained
transported

dusts are usually rich in quartz, while fine-grained

dusts

great distances are primarily micas and clays [Pye, 1987]. Prospero

and Bonatti [1969] reported that in the eastern

equatorial

Pacific quartz and

feldspar are primarily in the >5-µm and 2-5-µm dust size fraction, while smectite
micas, kaolinite, chlorite and mixed clays are primarily in the < 2-µm fraction.
Chinese loess, which has been identified as a major source of the marine mineral
aerosol over the North Pacific [ Uematsu et al., 1983] contains ~50% illite, ~20%
kaolinite, ~10% montmorillonite, ~10% chlorite and vermiculite [Liu, et al., 1985].
Based on these results, aluminosilicate minerals appear to be a major fraction of
both coarse- and fine-grained marine mineral aerosols. For example, Maring and
'

Duce [1987] reported that ~94% of the aluminum in mineral aerosol samples
collected over the North Pacific was insoluble in seawater after six hours and was
in the form of aluminosilicate.

Unfortunately,

the mineral composition of dust

often furnishes little information on the chemical species for a specific element
such as iron. Bulk chemical analysis only provides the elemental concentration.
It has been suggested that there are at least two significant

phases of

atmospheric iron in marine aerosols: a) iron in the aluminosilicate phase; b) iron
in the ferric hydroxide phase [Colin et al., 1990; Chesselet,
pyroxenes, amphiboles, biotite, clay minerals,

103

1975].

and magnetite/ilmenite

Olivine,
are the

major Fe-bearing minerals in the earth crust.
bearing minerals

Through the weathering

and the oxidation of Fe(II) minerals,

of Fe-

such as sulfides and

carbonates, Fe(III) oxides may be one of the major chemical forms of Fe in soil
and, in turn, in eolian dust [Murad and Fischer, 1988). Thus, Fe in aluminosilicate minerals and Fe oxides appear to be two of the major chemical forms of
atmospheric iron in mineral aerosols.
particulate

matter

collected in Yokohama, Chiba, and Tokyo, Japan by using

heavy liquid separation
percentages

of

Fukasawa et al. [1980) analyzed airborne

and X-ray diffraction.

hematite

(Fe20:3),

(K(Mg,Fe)3A1Si3O1o(OH)2), and chlorite

They found that the weight

magnetite

(Fe3O4),

biotite

((Mg,Fe,Al)6(Al,Si)4O1o(OH)8)

in the

samples were ~1.0, ~1.6, 0, and 0% respectively of the Yokohama samples, ~2.1,
~1.9. ~0.7, and ~0.3% respectively of the Chiba samples, and ~0.9, ~1.3, ~1.0, and
~0.5% respectively of the Tokyo samples. Iron oxides were a major fraction of iron
in those samples. In the early seventies Kopcewicz and Dzienis [1971) and Dzienis
and Kopcewicz [1973) first used the Mossbauer effect to study iron in aerosols.
They collected aerosol samples in Warsaw and Zakopane, Poland, and inferred
that iron appears in the form of Fe203 in fine particles (~100 A) based on the
Mossbauer spectra.

Other Fe(III) minerals

may include FeCl3 (molysite) and

Fe2(SO4)3, and KFe3(SO)2(OH)6 (jarosite). The solubilities of FeCl3 and Fe2(SO4)3
are too high to permit them to remain in soils. The mineral jarosite is often found
in acid sulfate soils, and its solubility at low pH is even higher than goethite
[Lindsay, 1988). To simplify the discussion, Fe oxides, molysite, Fe2(S04)3, and
jarosite are referred to as non alumino-silicates in this work.
Since the formulation

of Fe-Al-silicates

varies in different

Fe-bearing

minerals, it is impossible to find a specific dissolution equilibrium constant for FeAl silicate in the literature.

Thus, it is difficult to distinguish the Fe-Al-silicates
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from non aluminosilicates (Fe oxides and other minerals) by a simple dissolution
method. However, we can make the following calculation based on an assumption
that

the

dissolution

equilibrium

constants

of

an

Fe-Al-silicate

([(Al,Fe,Mg,Si)(OH)xD is in the same order of magnitude of a specific aluminosilicate, Al2Si2Q5(OH)4, whose equilibrium

constant

is known [Stumm

and

Morgan, 1981]:
Al2Si2O5(OH)4(s) + 5H2O <===> AI20J·3H2O(s) + 2H4SiO4 log K = -9.4 (1)
[(Al,Fe,Mg,Si)(OH)x] <===> Al20J·3H2O(s) + FeOOH(s) (or Fe(OH)3(soil))
(2)

We will assume that the constant for the equilibrium given in equation (2) is
the same order of magnitude as that given in equation (1), i.e. log K = -9.4, and
that:
a-FeOOH+ 3H+ <===> Fe3+ + 2H2O

log K = -0.02 [Lindsay, 1988)

(3)

=3(-14.00)=-42.00

(4)

3H2O <===> 3H+ + 3OH-

logK

By combining equations (2), (3), and (4) we get
[(Al,Fe,Mg,Si)(OH)x] <==> Al20J·3H2O(s) + 3Fe3+ +3OH- +MgO(s) + 2H4SiO4

(5)

Based on the assumption above, log K = -51.42 for equation (5).
For Fe oxides, Fe(OH)3(soil) <==> Fe3+ +3OH-, log K = -39.3 [Lindsay, 1988)

(6)

Or by combining equation (3) and (4), we have
a-FeOOH + H2O <===> Fe3+ + 3OH-
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log K = -42.02

(7)

If 2 N acid was used for the dissolution of aerosols (pH

= ~0),

at equilibrium

{Fe3+}=~l M for a-FeOOH from equation (7) or {Fe3+} = ~500 M from equation (6)
for Fe(OH)3(soil), while {Fe3+} = 4 x10-l0 M for Fe-Al-silicate.

By using an

estimated activity coefficient of Fe3+ in 2 N acid (YFe3+ = 0.04), at equilibrium
[Fe3+]

= ~25

[Fe3+]

= 1 x 10-8 M for Fe-Al-silicates

M for a-FeOOH or [Fe3+]

= ~l.25

x104 M for Fe(OH)3(soil),

while

based on the assumption above. To obtain an

Fe concentration released from Fe-Al-silicates in the same order of magnitude (~1
M) as that released from Fe oxides, the log of the equilibrium constant for equation
(2) would have to be 0, approximately 9 to 10 orders of magnitude higher than that
for equation (1). This is unlikely.
According

to the calculation

above, compared

with

Fe-oxides,

the

dissolution of Fe-Al-silicates in 2 N acid would appear to be negligible. Therefore,
if the assumption mentioned above is correct, the use of 2 N acid dissolution of
aerosols to distinguish Fe oxides from Fe-Al silicates appears to be reasonable.
Sulzberger et al. [1989) reviewed the various pathways for the dissolution of
Fe(III) (hydro)oxides

and discussed

the three predominant

reductive thermal dissolution by suitable reductants,

mechanisms:

mostly organic,

1)

such as

ascorbate; 2) photochemical dissolution in the presence of organic solutes; and 3)
catalytic dissolution by Fe(II) and organic ligands.

They concluded that the

surface coordination controls the reactivity of the iron oxide and in turn the rate
and the pathway of dissolution. However, there has been no detailed study to date
of the chemical form of atmospheric iron present on marine mineral aerosols over
the open ocean and its dissolution in atmospheric water.

It is of great interest that not only might atmospheric iron be the limiting
oceanic micronutrient

in some oceanic regions, but also the photolysis of Fe(III)
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may be a very significant, if not dominant, source of OH· radicals in clouds, fog,
and rain [Wesc~ler et al., 1986; Faust and Hoigne, 1990]. Iron is an important
electron-transfer

catalyst which affects numerous reactions such as the oxidation

ofSO2, reactions with H20i and with radicals.
in increasing

the acidity and ionic strength

This mechanism, in turn, results
of the atmospheric

water on the

surface of the aerosol particles, and it accelerates the dissolution of atmospheric
iron in the atmospheric water.
The objectives of this study are:
1) To explore the chemical form of iron in marine aerosols by distinguishing
non-aluminosilicate

iron from the aluminosilicate

iron and distinguishing

the
Fe(II)

from total iron, and
2) To determine directly the dissolution of iron in marine aerosols in deionized
water with a pH range of 2.0-5.6 to simulate the dissolution of marine aerosols in
such atmospheric waters as rain, fog, and clouds.
2. EXPERIMENTAL METHODS

2.1. Sampling
A detailed description of the aerosol sampling system, procedures,
handling

and

have been given by Uematsu et al. [1983] and Duce et al. [1983].

Atmospheric aerosol samples used in this study were collected continuously for
one-week periods in 1986 using high-volume air-sampling systems and Whatman
41 filters at four island stations (Midway, Oahu, Enewetak, and Fanning) in the
North Pacific.

Additional marine aerosol samples from the Northeast

Pacific

were collected at 47°N,158°W (MWl, sample ID MW55) and 40°N,165°W (MW2,
sample ID MW131) during two cruises of RIV Moana Wave from May 17 to 25 and
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from June 20 to 23, 1986; at 26°N,155°W (sample ID AD 209 and AD 210) during a
cruise of WV Moana Wave from October 16 to 18, 1986; and at 33.3°N; 139.1°W
(sample ID ST 4 01 and ST 4 02) during a cruise of the WV Point Sur from May 19
to 26, 1988. The sampling system at each island site was located directly on the
windward coast and as close to the ocean as possible.

Samplers were elevated

from 3 to 20 meters above sea level on each of the islands and on the ships to
ensure that samples were representative

of the clean atmosphere over the ocean

and were not contaminated by materials

from local sources or from the ship.

Sampling was controlled by local wind direction at the island sites and on board
ship.
Urban aerosol samples were collected from November 1 to 13, 1989 in the
city of Xian (34°N, 109°E), which is located in central China near the loess plateau
region.

Samples of surface loess were collected at Luochuan (35.5°N, 109°E), a

rural area in central China.

Piston core sediment samples were collected from

three areas of the seafloor of the North Pacific (V28-304: 28.32°N, 134.08°E; V21-59:
20.55°N, 158,06°W; and RCll-180: 53.09°N, 142.54°W). All these sampling sites are
shown in Figure 1.
Rainwater samples were collected from both the open North Pacific Ocean
and coastal Rhode Island, USA. Three rain samples were collected from the three
cruises (April, June, and October 1986). The procedures used for collection of the
rain samples have been described by Patterson [1988]. Rain samples were filtered
using 0.4-µm Nuclepore filters at the time of collection. The rainwater filtrate and
the aerosol samples were stored frozen from the time of collection until use in this
study.

All labware and experimental

apparatus

and all Nuclepore filters were

acid-washed using a procedure described elsewhere [Zhuang et al., 1990].
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2.2. Leaching Experiments
Two types of leaching

experiments

were designed

to determine

the

chemical form and the dissolution of atmospheric iron present on aerosols. First,
2N HCl and 2N H2004 were used to leach the aerosol particle
distinguish the non-aluminosilicate

vs. aluminosilicate

iron in mineral aerosol.

Because sulfate aerosols and sulfuric acid may be a very important
dissolution of atmospheric
clouds, 2N H2004

iron via its mixing with mineral

was used in the simulation

samples to

experiment

factor in

aerosols within
to dissolve the

atmospheric iron present on marine aerosols. Based on the calculation mentioned
in the introduction, at the lower pH, the solubility of hydrous ferric oxide, Fe(OH)3,
or iron oxyhydroxide, FeOOH, appear to be much higher than that of iron in the
aluminosilicate lattice.

Thus the fraction that can be dissolved in 2N HCl or 2N

H2004 may roughly be considered as non-aluminosilicate

iron.

The procedures

used for determination of the chemical form of atmospheric iron are illustrated in
Figure 2. As an abbreviation, the fraction of iron that can be dissolved in 2N HCl
or 2N H2004 is written as HCl(Fe) or H2004(Fe) in this paper.
Second, the aerosol samples were leached by acidified deionized water at
pHs ranging from 2.0 to 5.6 at a temperature

of 20±0.5°C to simulate

the

dissolution of iron in aerosols present in rain, fog, and cloud-water when they
come in contact with atmospheric

water droplets.

The procedures

used for

conducting these aerosol leaching experiments are similar to those experiments
using seawater [Zhuang et al., 1990]. 1 to 8 cm2 portions of the high-volume 20 x 25
cm or 24 cm diameter Whatman 41 filter samples and blank filters were used in
these experiments.

Generally, an experiment was run at least twice by using 2 or

more separate portions of the same aerosol sample filter and aliquots of the same
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water.

Filter samples were introduced into 100 g of deionized water in acid-

washed polyethylene bottles. The pH of the waters in the various experiments was
2.0, 2.8, 3.8, 4.8, and 5.6. The bottles with aerosol samples and water were shaken
for approximately 3 hours. For solutions with pHs of 2.0, 2.8, 3.8, and 4.8, a few
samples were divided into several equal portions, each of which was shaken for
different times (10 and 30 minutes and 1, 1.5, 2, 3, 12, 24, and 72 hours) to
determine the solubility equilibrium time for atmospheric iron. After shaking, the
samples were filtered through 47-mm diameter 0.4-µm Nuclepore filters.

The

water passing through the filters was used for the analysis of the dissolved iron
concentrations at the various pHs.
All vessels and equipment used to leach the aerosol samples were made of
either low-density polyethylene, polysulfone, or FA Teflon. Graduated

cylinders,

volumetric flasks and Eppendorf pipet tips which contacted sample solutions for
only a short time were made of polypropylene.

All apparatus and all filters used

were acid-washed and then rinsed several times with distilled-deionized

water.

All sample handling and leaching experiments were performed in Class 100 clean
laboratories at the Graduate School of Oceanography, University of Rhode Island.
The pH of the deionized water was adjusted by adding a small amount of
double-distilled nitric acid. pH was measured with a Model 701 digital pH meter
(Orion Research

Incorporated)

by using a combination

electrode

(Corning

Scientific Instruments).

2.3. Chemical Analysis
A Perkin-Elmer

5000 atomic absorption spectrophotometer

an HGA 500 graphite furnace was used to determine
Details are given in Zhuang et al. [1990].
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equipped with

the iron concentration.

Total Iron, {T{Fe)}.At least two portions {1-8 cm 2 ) of each Whatman 41 filter
sample were introduced separately into Teflon vials and were digested in 0.2 mL
concentrated nitric acid that had been double-distilled in quartz, 0.2 mL doubledistilled hydrochloric acid, and 0.1 mL hydrofluoric acid that had been double subboiling distilled in 7.5 mL Teflon bottles at ~100°C for 1 hour and then were kept at
50°C for 12 hours. After digestion, a quantity of double-deionized water was added
to the vials, and the solutions

in the vials were transferred

to a 125 mL

polyethylene bottle and diluted with double-deionized water to make a total solution
mass of 100 g.
concentration,

This solution

was used for the analysis

of the total iron

T(Fe), in the aerosol samples by atomic absorption spectroscopy

(AAS). To determine the accuracy of this method, several marine aerosol samples
collected at Barbados were analyzed by both neutron activation analysis (NAA) and
by AAS.

The results

are shown in Table 1.

The resulting

differences are within the measurement uncertainties

concentration

of the methods.

HCI-solubleIron, HCl{FeLAt least two portions of each Whatman 41 filter sample
(with the same area as measured for T(Fe)) were introduced separately into Teflon
vials, and 2.4 mL 2N double-distilled hydrochloric acid were added. After 3 hours
of heating at 50°C, a quantity of double-deionized water was added to the vials, and
the solutions in the vials were transferred

to a 125 mL polyethylene bottle and

diluted with double-deionized water to total mass of 100 g. This solution then was
shaken for 3 hours and filtered through a 0.4-µm Nuclepore filter.

The filtrate

was analyzed by AAS for HCl-soluble iron, HCl(Fe).
fl2fil1-soluble

Iron, H2ID1ahl.

At least two portions of each Whatman 41 filter

sample were introduced separately into Teflon vials and then 3.6 mL 2N extrapurified grade sulfuric acid were added.
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Subsequent procedures are similar to

that for HCl(Fe).

The sulfuric acid (Ultrex®) used was purchased

from J. T.

Baker Co.

Fenn. The procedures used for determination of Fe(II) in marine aerosols are
illustrated in Figure 3. Fe(II) concentrations in aerosols and Chinese loess were
determined by using a newly developed high performance liquid chromatography
(HPLC) method. This method is reported in detail in Appendix B. To determine if
any Fe(II) was produced duo to the reduction of Fe(III) by FZ or other substances
during the analyses,

a standard

Fe(III) solution was added to several blank

Whatman 41 filters (~2 µmol/cm2 filter, ~10-500 times higher than the measured
aerosol samples), and these filters were measured for Fe(II) after 7, 14, 35, and 91
days by the same procedures used for measuring Fe(II) in the aerosol samples.

In

any of these cases there was no detectable Fe(II).
The analytical precision was better than 10% (n

= 6) for

all data reported.

The dissolved iron procedural blank was 0.12 ± 0.02 nmol/kg (n
Whatman

= 12)'.

Blank

41 filters were also leached and analyzed by the same procedures

providing information on the blank iron concentration in the filter and that for the
inevitable iron contamination

from labware, handling, and sampling equipment.

The blank T(Fe), HCl(Fe), and H2ffi4(Fe) in the non acid-washed Whatman 41
filters were 0.45±0.05, 0.30±0.03, and 0.25±0.02 nmol/cm 2 (n

= 12) respectively.

3. RESULTS AND DISCUSSION

3.1. HCl(Fe) and H2ED4(Fe) vs. T(Fe)
HCl(Fe)

and H2,fil4(Fe) in remote marine aerosols. Table 2 presents the total iron,

T(Fe), HCl(Fe), and H2ffi4(Fe) in remote marine aerosols collected from the four
island stations and from the four cruises in the North Pacific during 1986, 1987,
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and 1988. The results indicate that for most of the samples examined more than
90% of the atmospheric iron in remote marine aerosols from the North Pacific is
released by 2N HCl or 2N H2004.

In a number of the samples essentially 100% of

the iron is dissolved by these acids. For almost all of the samples determined the
difference between HCl(Fe) and H2004(Fe) is within the analytical

uncertainty

(Figure 4). Thus most of the atmospheric iron in the aerosols collected from over
the North Pacific is present as non-aluminosilicate iron. Figures 5 and 6 illustrate
the relationship between the concentration and the ratio (in percent) of HCl(Fe) or
H2004(Fe) to T(Fe) as a function ofT(Fe) for the samples examined. These samples
have concentrations of T(Fe) ranging from -6 to more than 200 ng/m 3. It can be
seen that for most of the samples examined more than -90% of the atmospheric
iron in all these aerosol samples was non-aluminosilicate
HCl(Fe) and fl2ID~JFe) in urban aerosols.

iron.

Table 3 presents T(Fe), HCl(Fe), and

H2004(Fe) observed in urban aerosols collected in Xian, located in the center of
China near the arid loess regions. Figures 7 and 8 show the relationship between
the ratio (in percent) of HCl(Fe) or H28.)4(Fe) to T(Fe) as a function of T(Fe) for the
. samples examined in Xian aerosols. Figure 9 illustrates

the relationship between

HCl(Fe) and T(Fe) for all the aerosol sampling sites. Although the T(Fe) in aerosols
from Xian was 40-250 times greater (over 2 µg/m3) than T(Fe) in remote marine
aerosols (generally 8-80 ng/m3), the Xian samples contained only 36-80% (average
65%) non-aluminosilicate

iron. The arid loess areas of China have been shown to

be the major sources of the dust over the North Pacific [Uematsu et al., 1983;

Uematsu et al., 1985; Duce et al., 1980; Prospero et al., 1969]. Dust transported
great distance is usually rich in fine-grained

aerosols [Duce et al., 1983]. The

results above suggest that during the long range transport the aerosols underwent
both physical and chemical changes.
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HCHFe} and HzW~a:tl_in

Chinese

loess and in marine

sediments,

As a

comparison, T(Fe), HCl(Fe), and H2ffi4(Fe) were also determined in Chinese loess
and in marine sediment samples.
and H2004(Fe)

Table 4 presents the total iron, T(Fe), HCl(Fe),

in Chinese loess, which was collected from Luochuan,

China

(35.5°N, 109°E), and in marine sediment samples from the surface (0-10 cm)
sediments

of the North Pacific.

Figure 10 illustrates

the mean relationship

between HCl(Fe) and T(Fe) for these sampling locations.

Chinese loess contains

~3% iron, of which ~90% is HCl{FeVH2ID~~-

Although the surface sediments in

the North Pacific contain various concentrations

of iron depending

upon the

geographic area, the ratio of non-aluminosilicate

iron to aluminosilicate

iron was

in a similar range (~55-70%) at the three stations.

Since Chinese loess is the major

source of the remote marine aerosols in the North Pacific, it is not surprising that
the ratio of the non-aluminosilicate iron to T(Fe) in loess (~90%) is close to the ratio
in the remote marine aerosols (more than 90%). A comparison of the HCl(Fe) to
T(Fe) ratio for Chinese loess to that for Xian aerosols suggests that in addition to
the major source of iron, Chinese loess, iron in aerosols collected from Xian (an
industrial

city) may stem from the other

major aerosol

source: industrial

pollutants, such as the cinders from steel plants, that may not be dissolved by a
single 2 N acid.
3.2. Fe(II) in remote marine aerosols and the transformation of iron during

atmospheric transport
A significant portion of the iron. present in remote marine aerosols was
determined to be in the form of Fe(II) [See Chapter 3].

In the remote marine

aerosols examined Fe(II) was a major species, with the Fe(II) concentrations
ranging from 12% to ~100% of the 2N HCl-soluble Fe solution and from 11% to
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-100% of the total Fe. The volume weighted average Fe(II) concentration

was

58±26% of the 2N HCl-soluble Fe and 56±32% of the total Fe in these remote marine
aerosol samples (Figures 11 and 12).
As a comparison, the Fe(II) concentrations
collected from Xian are illustrated

in the urban aerosol samples

in Figure 13 and Figure 14. These urban

aerosol samples contain 5-18% and 4-11% Fe(II), with a volume weighted average
of 8±6% and of 5±3% as compared with the 2N HCl-soluble iron and the total Fe
concentrations, respectively.

The Fe(II) concentration in Chinese loess has also

been determined, and it only contains 0.5±0.3% and 0.4±0.3% Fe(II) as compared
with the 2N HCl-soluble iron and the total Fe concentrations, respectively.

The

average percentages of the Fe(II) for the three types of the samples are shown in
Figure 15.
As shown in Figure 15, during the -10,000 km atmospheric transport

from

the center of Asia to the North Pacific the iron in Chinese loess underwent
significant chemical transformation.

The Fe(II) concentrations

increased from

less than 1% for loess to -50% in the aerosols over the central North Pacific. The
ratios of the Fe(II) species to the total iron, as well as the dissolution in the
acidified deionized water at various pHs and in a single acid in loess, urban
aerosol, and marine aerosol (see next section) are summarized in Table 5. Based
on these experimental results, it was evident that the atmospheric iron underwent
both acid-base reactions and redox reactions during the long range transport.
A significant question is whether the Fe(II) in remote marine aerosols is
simply

small

particle

Fe(II)

produced

in the

source

area

that

becomes

increasingly important as the large particles are lost during transport or whether
the Fe(II) is produced due to transformation processes taking place during its long
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range transport?

To answer this question, lead can be used as a reference to

compare with Fe(II) since lead is found primarily

on small sub-micrometer

aerosol particles [Duce et al., 1983; Duce et al., 1976]. Lead in typical urban areas
in Beijing, China, and in Seoul, Korea, has a concentration range of 52-257 ng/m3
and 210-710 ng/m 3 respectively [Meng and Wu, 1981; Hashimoto, 1989]]. The lead
concentration over the North pacific was -0.33-1.1 ng/m 3 [Maring et al., 1989].
This indicates that small particles such as Pb decrease by a factor of more than 100
during their long range transport

from China to the North Pacific.

The Fe(II)

concentration in remote marine aerosols was in the range of 5-135 ng/m3, while
the Fe(II) concentration in Xian urban aerosols was in the range of 120-210 ng/m 3.
These are very similar ranges. The consideration above would suggest that even if
all of the Fe(II) in the source area was in the small particles, only a few ng/m 3 of
the Fe(II) in the remote marine aerosols could have been transported
from the source areas.
transformation

Thus it is evident that

there

as Fe(II)

must be significant

of Fe(III) to Fe(II) during transport.

The proposed transformation

mechanisms of the atmospheric iron over the

North Pacific are outlined in Figure 16. The detailed analyses are discussed in
Chapter 3 of this dissertation.

The following photochemical reactions may be the

key mechanisms producing Fe(II) and increasing the solubility of iron present in
the marine

aerosols [Graedel et al., 1985; Weschler et al., 1986; Faust and

Hoffmann, 1986, Faust and Hoigne, 1990 and references therein]:
hv
2
[Fe(IIIXOHXH2O)5J + +H2O ----> [Fe(IIXH2O)6] 2+ + OH·

(8)

hv
S(IV) + OH· ----->S(VI)

(9)

The net results of equations (1) and (2) would be
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hv
Fe(III) + S(IV) -----> Fe(II)aq + S(VI)

(10)

Atmospheric iron present in the remote marine aerosols may be involved in
two important atmospheric processes: 1) its long range transport to the open ocean
provides a critical micronutrient, iron, to the organisms in the open ocean and iron
may be the limiting

nutrient

in some oceanic areas,

and 2) reduction

of

atmospheric iron (III) may be a major source of the key radical OH·, and it may be
involved in the sulfur/climate
Furthermore,

feedback loop via Fe(III) photoreduction

if Fe(II) is the limiting nutrient

to Fe(II).

in some areas, it may control to

some extent the DMS production in those areas. Therefore, there are two positive
feedback loops for the production of Fe(II) and OH·. More dust gives more Fe(III),
which when reduced provide more OH· and more Fe(II).

Then, 1) more Fe(II)

could result in the production of more DMS, and the increased DMS provides more
002 and SO4 = aerosol; and 2) more OH· will oxidize more DMS also resulting in
more SO2 and SO4 =. Thus, more Fe(II) and more OH· will be produced from the
Fe(III) photoreduction while SO2 will be oxidized to sulfate.

3.3. The dissolution of remote marine aerosol iron in atmospheric waters
Both marine aerosols and Chinese loess were leached by aqueous solutions

with a pH range of 2.0-5.6 to simulate and determine their iron dissolution in
atmospheric waters.

Dissolution Equilibrium

Time.

Figure 17 illustrates

the relationship

of the

dissolved iron, D(Fe), in acidified deionized water, for an aerosol sample collected
at Oahu (OA 192, March 27-April 3, 1986, T(Fe) = ~17 µmol/kg) as a function of
leaching time at

pH=

2.8 and 4.8 and at room temperature (20±1 °C). Atmospheric

aerosol iron reaches equilibrium

in seawater (pH 8.11) in just a few minutes
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[Zhuang et al. 1990]. It is found that the equilibration

time for atmospheric

dissolved iron in acidified deionized water under these conditions was ~2-3 hours.
The equilibration time of D(Fe) with particulate iron, P(Fe), at low pH was longer
Since the "saturated"

than that at seawater pH.

concentration

of dissolved

atmospheric iron in the acidic water was much greater (see text below) than the
concentration

of D(Fe) in seawater,

it apparently

took longer to dissolve the

atmospheric iron in the aged aerosol samples and to reach the equilibrium D(Fe).
Surface-controlled dissolution..

There are, in general, two primary mechanisms

that can control the dissolution rate: diffusion-controlled and surface-controlled.

If

the surface reactions during the dissolution are the slowest step compared with
other reactions

and the diffusion process, the surface

reaction

will be the

determining step in the dissolution process [Stumm and Wollast, 1990]. However,
dissolution kinetics experimental results show that in the first three hours D(Fe) is
a linear function of the leaching time (Figure 17). Stumm
proposed a zero-order rate law for surface-controlled

and Wollast [1990]

dissolution: r

= dC/dt = ka,

where r is the dissolution rate, a is the surface area, and k is the rate constant.
These authors concluded that surface-controlled dissolution is the primary process
controlling the weathering of most oxides and silicates.
that the dissolution

Our results demonstrate

of remote marine aerosols in acidic water is a surface-

controlled process and is in accordance with Stumm

and Wollast's conclusion

However, after 3 hours the dissolved iron is close to the saturated

concentration

under the given conditions, and thus the dissolved iron concentration

does not

continue to increase linearly.

pH effect on the dissolution:

Figure 18 presents the dissolved iron concentration

leached from the remote marine

aerosols as a function of pH in the acidic

deionized water. The aerosol samples collected at Oahu (OA 189, March 9-13, 1986;
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OA 192, March 27-April 3, 1986; T(Fe)
relationship

= ~17 µmol/kg) were

of the dissolved iron concentration

used to determine the

as a function of pH at room

temperature (20±1°C). These samples were leached for 3 hours with shaking. The
"saturated"

concentration

water at T(Fe)

of dissolved atmospheric iron in the acidic deionized

= ~17 µmol/kg averaged

420, 430, 870, 1260, and 2780 nmol/kg at pH

5.6, 4.8, 3.8, 2.8 and 2.0, respectively.

=

The dissolved iron concentration increased

markedly with pH decrease, especially at lower pH. D(Fe) was ~5 times greater at
pH

=2.0 than

at pH

=4.8.

The pH in rainwater is usually less than 5.6 and can be

as low as 2.5-3.0 [Warneck, 1988). The pH of the rainwater samples collected in
this study of the coastal area of Narragansett,

Rhode Island, USA ranged from 3.7

to 4.7, while the pH in rain collected over the open North Pacific was in the range
of 4.7-5.4. The average pH in nonprecipitating cloud water collected at the summit
of Whiteface mountain in upper New York State in 1977 was 3.55 and it extended
toward values of pH< 3 [Warneck, 1988). These results indicate that atmospheric
waters could dissolve a significant quantity

of the iron in the aerosols during

transport from land to the open ocean regions.
As a comparison, D(Fe) was determined for Chinese loess over a range of
pH (Figure 18). The D(Fe) at each pH could be considered
dissolved Fe concentration

as the saturated

of Chinese loess at each pH since the T(Fe) (~22.7

µmol/kg) in the dissolution experiment was ~50-500 times higher than the D(Fe).
For example, even T(Fe) increased to ~45 µmol/kg at pH
the same as that of T(Te)

= 22. 7 µmol/kg.

= 2.8,

the D(Fe) remained

The solubility of iron in the marine

aerosols was 5-17 times greater than that for the Chinese loess over the same pH
range

of 2.0-5.6.

transformations

These

results

strongly

support

the

hypothesis

of the chemical form of iron in marine aerosol particles

place as the particles are transported

in the atmosphere
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that
take

to mid-ocean regions.

One likely possibility is that the mixing of mineral dust with the sulfate/sulfuric
acid aerosols as a result

of coalescence processes within clouds might be a

mechanism to increase the solubility of atmospheric
rainwater,

Fe(III) in cloud water or

followed by photoreduction to the much more soluble Fe(II). Andreae

et al. [1986] has found that individual aerosol particles over the ocean are often a
mixture consisting of sea salt, mineral particles, and acidic sulfate aerosols.

Zhu et al. [1990] recently reported the calculated solubilities of ferric iron in
internally-mixed

marine aerosols containing mineral particles

salts at ambient relative humidities
Program.

in Barbados,

and hygroscopic

a station in the AEROCE

They calculated that the pH of the aerosol solution could be lower than

1.0. We believe it is likely that the atmospheric iron present in the mineral aerosol
particles dissolves to a significant extent while the particles are being transported
from Asia to the North Pacific [Zhuang et al., 1990; Winchester et al., 1989]. Our
results suggest that more than 90% of the iron present in remote marine aerosols
was in the form of non-aluminosilicate

iron. Although iron speciation in remote

marine aerosols has not been accurately determined,

there is no question that

hydrous ferric iron is one of the major species of iron in the aerosols.

As

mentioned above, a significant portion of the iron present in the remote marine
aerosols was in the form of Fe(II).

The photoreduction

of Fe(III) in mineral

aerosols may be the key reaction producing Fe(II) and increasing the solubility of
iron that is present in the marine aerosols in rainwater,

fog, or cloud droplets

when the aerosol particles contact them during the long range transport over the
open ocean.

When aerosols are in contact with S(IV), such as E02, HSO3·, or

E03=, processes represented by equation (3) may be an important
increase the solubility of iron in rainwater, fog, or cloud droplets.
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mechanism to

In addition, atmospheric aerosol particles usually have organic coatings
[Gill et al., 1983; Hardy et al., 1985]. Thus, other possible mechanisms,
the organic complexation

and subsequent

photochemical

reduction

such as
involving

organic matter with Fe(II) catalysis, as suggested by Behra and Sigg [1990] and
Sulzberger et al. [1989], could also increase the solubility of iron in atmospheric
waters.
3.4. The soluble fraction of iron in atmospheric waters
Figure 19 illustrates the soluble fraction of iron in acidic deionized water at
pH= 3.75 and pH= 4.76 as a function ofT(Fe). As pointed out elsewhere [Zhuang et
al., 1990], there

have been several

papers

that

expressed

atmospheric iron in rainwater or seawater as a percentage.

the solubility

The ratio of the total

atmospheric iron to the mass of water as a solvent is a most important
determination of the soluble percentage.

of

factor in

Since the solubility of Fe(III) is very low,

in some early studies the soluble fraction of the aerosol iron was very likely limited
by its saturated concentration.

The percentage solubility can only be used when the

ratio of the total iron or total dust to the water mass or water volume is specified.
Our results indicate that at T(Fe) less than ~20 nmol/kg, ~55% of the atmospheric
iron dissolves in artificial rainwater with a pH of 3.8 and ~25-30% at a pH of 4.8.
The dissolved iron and the total iron concentrations in rainwater

collected

in both open ocean areas and Rhode Island coastal areas were determined and are
presented in Table 6. The total iron concentration in the rain from this coastal
area was as high as 1.8 µmol/kg, with the soluble fraction usually in the range of
10-20%. Even in the remote marine areas T(Fe) in the rain was as high as 188
nmol/kg, and the soluble fraction ranged from 12% to 23%. The D(Fe) in the rain
depends on the chemical form of iron in aerosols, the pH of the water, and the
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amount of the precipitation.

Some of the rain waters either from remote or coastal

areas apparently contain a greater soluble fraction than those predicted from the
laboratory studies (Figure 19). For example, at pH ~5.2, T(Fe) = ~ 188 nmol/kg; and
at pH= 4.2, T(Fe) = ~1790 nmol/kg, the soluble fraction should be 5-10%. However,
the in situ data from the North Pacific and from coastal Rhode Island respectively
indicated that the soluble fraction for both was more than 10%. Colin et al. [1990]
recently reported that 17% of the iron was soluble in precipitation
~1.1 µmol/kg.
France.

This precipitation

where T(Fe) =

was collected at Brittany, on the west coast of

From Figure 19 the soluble fraction of Fe when T(Fe) = ~l.l

µmol/kg

should be ~5%. This may support the suggestion in Chapter 3 that different
aerosol samples contain different fractions of the species Fe(II) and Fe(III), since
they have different solubilities. Fe(II) has a greater solubility than Fe(III) in
natural water [Stumm and Morgan, 1981]. The soluble fraction of Fe illustrated in
Figure 19 was determined from a single sample, and it can not be applied for any
other samples as a general rule.

Before atmospheric waters fall to the ground,

they may come in contact with aerosol particles that contain different fractions of
Fe(II), resulting in different soluble fractions as a function of T(Fe).
CONCLUSIONS
In summary, we conclude that:
1. More than 90% of the atmospheric iron in remote marine aerosols over the

North Pacific can be released in 2 N acidic solutions.
2. In the mean ~50% of the atmospheric iron in remote marine aerosols over the
North Pacific was in the form of Fe(II).
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3. At T(Fe) less than 20 nmoVkg, -55% of the atmospheric

iron dissolves in

solutions with a pH of 3.8 and 25-30% dissolves at a pH of 4.8.
4. The solubility of iron in the marine aerosols was 5-17 times greater than that of
iron in Chinese loess at the same pH.
5. We postulate that: 1) the mixing of mineral dust with the sulfate/sulfuric

acid

aerosols as a result of coalescence processes within clouds might be a mechanism
to increase the solubility of atmospheric iron in cloud water or rainwater.

2) the

photochemical reduction, Fe(III) + S(IV) + hv -----> Fe(Il)aq + S(VI), as well a the
possible photochemical reduction with organic matter, may be other important
mechanisms for increasing the solubility of iron, which would be rapidly released
to rainwater, fog, or cloud droplets when the aerosol particles contact them during
long range transport over the open ocean.
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TABLE 1. Comparison of the results of iron analysis by NAA and AA
STAID

Sampling Period
(1988)

Bal*
Ba2
Ba3
Ba4

Sep.21
Sep. 22
Oct. 11
Oct. 12

Ba Bl*
BaB2

Sep. 20
Oct. 12

Volume
(m3)
670
1040
600
1140

Fe Conc.(NAA)
(µg/cm2)
4.83±1.35
11.9±3.3
1.98±o.22
1.46±o.16
(ng/cm2)
31.2±0.8
33.3±2.8

Fe Conc.(AA)
(µg/cm2)
4.77±0.21
12.8±0.7
2.06±0.14
1.58±0.30
(ng/cm2)
34.8±3.5
33.8±7.4

* Ba: Barbados, Ba B: Barbados blank; n = 6 for each reported concentration.
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TABLE 2. T(Fe), HQ(Fe), and H2ro4(Fe) in Remote Marine Aerosols
HQ(Fe)
(ng/rn3)
(%)*

SfA.ID

Sampling Period

Volume
~3)

OA 184
OA 189
OA 190
OA 191
OA 192
OA202
OA203

Jan. 21-28, 1986
March 9-13, 1986
March 13-20 1986
March 20-27 1986
March 27-April 3, 1986
May 3-4, 1986
May 5-6, 1986

9800
5280
9150
9900
9700
1530
1420

83.9±1.5
85.3±13.0
32.0±2.9
45.2±0.7
50.7±3.0
61.6±6.5
26.4±1.1

81.6±2.1
83.4±2.4
30.5±3.5
45.3±6.6
50.6±2.3
62.1±2.1
27.2±2.5

97±3
98±16
95±14
100±15
100±8
101±11
103±11

82.0±4.1
83.2±3.8
31.9±2.0
37.5±1.1
50.7±4.5
55.6+3.1
27.5±1.4

98±5
98±16
100±11
83±3
100±11
90±11
104±7

MD341
MD348
MD355
MD359

March 28-29, 1986
April 4-5, 1986
April 11-12, 1986
April 15-16, 1986

1190
1620
1520
420

20.4±3.0
27.9±1.9
23.5±1.0
27.0±4.3

18.2±4.0
28.6±1.2
19.6±1.6
26.4±2.7

89±24
103±8
84±8
98±19

18.5±0.9
27.1±0.7
22.9±1.3
28.6±4.9

91±14
97±7
98±7
106±25

FA 209
FA 210
FA 211

April 3-10, 1986
April 10-17, 1986
April 17-May 1, 1986

1260
1340
2710

4.7±0.7
15.0±0.8
6.1±0.5

5.0±0.7
15.8±0.8
6.1±0.5

106±13
108±9
101±12

5.2±0.7
15.8±0.8
6.3±0.3

112±23
108±9
104±10

EN 161
EN162
EN164
EN166
EN168

April 30-May 5, 1986
May 7-14, 1986
May 22-29, 1986
Jun. 5-11, 1986
Jun. 18-26, 1986

8840
8490
5470
4150
9460

39.7±2.1
34.8±4.6
15.9±1.5
30.9±3.5
12.0±1.3

39.4±3.1
35.4±0.5
15.5±0.7
30.9±1.6
11.7±0.8

99±9
102±13
97±10
100±12
97±17

38.7±0.8
33.2±1.0
14.1±0.9
24.1±1.1
11.9±1.2

97±6
95±13
88±10
78±10
99±15

MW55
MW 131
AD 12
AD26
AD209
AD210
ST401
ST402

May 19-25, 1986
Jun. 20-23, 1986
March 31-April 1, 1987
April 15-16, 1987
Oct. 16-17,.1986
Oct. 17-18,.1986
May 19-23, 1988
May 23-26, 1988

6870
2510
820
1180
1510
1900
3500
4270

13.2±1.2
9.5±0.6
200±10
41.3±1.0
11.1±0.6
7.4±0.6
36.0±0.8
28.2±0.8

13.3±1.1
9.2±1.0
204±5.8
40.6±1.1
10.9±0.6
7.3±0.6
32±1.0
22.6±1.9

101±12
96±12
102±6
98±4
99±8
98±11
89±4
80±7

12.0±2.5
9.4±0.9
205±10
39.8±6.7
9.7±1.8
6.2±0.5
27.4±1.6
25.0±1.8

91±21
99±12
103±8
96±16
88±17
84±9
76±5
88±7

T(Fe)
(ng/rn3)

*(%)designates the ratio of HQ(Fe) or H2ro4(Fe) to T(Fe).
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H2ro4(Fe)
(%)*
(ng/rn3)

TABLE 3. T(Fe), HCl(Fe), and H2004(Fe) in Urban Aerosols Collected in Xian, China
SfA.ID

XAl
XA2
XA3
XA4
XA5
XA6
XA7
XA8
Average

Sampling Period

Nov.
Nov.
Nov.
Nov.
Nov.
Nov.
Nov.
Nov.

1-2, 1989
2-3, 1989
3-6, 1989
6-7, 1989
7-8, 1989
8-9, 1989
9-10, 1989
10-11 1989

Volume
Qll3)
750
840
870
930
890
920
840
2200

T(Fe)
(ng/m3)
4610±150
3180±70
3310±250
1490±50
2170±320
3050±140
3840±180
2310±60

* (%) designates the ratio of HCl(Fe) or H200 4(Fe) to T(Fe).
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HCl(Fe)
(ng!m3)
2130±190
1780±150
1210±90
1110±80
1480±120
2390±260
3050±120
1830±470

(%)*

46±4
56±2
37±4
75±10
68±11
78±16
79±5
79±20
65±11

H:z9J4(Fe)
(ng/m3)
2260±160
1910±50
1350±180
1060±50
1550±150
2440±130
3240±210
1580±90

(%)*

49±4
60±2
41±7
71±4
72±11
80±6
84±5
68±4
66±9

TABLE 4. T(Fe), HCl(Fe), and H2SO4(Fe) in Chinese Loess and in surface Sediments of the North Pacific
STAID*

Sampling location

I

T(Fe)
(%)

HCI(Fe)
(%)

LC0l
LC05
Average

35.5°N, 109°E, China 3.22±0.15
35.5°N, 109°E, China 2.59±0.25

Loess
2.90±0.02
2.29±0.16

V28-304
V21-59
RCll-180
Average

28.32°N,134.08°E
20.55°N,158,06°W
53.09°N,142.54°W

Sediments
0.74±0.04
0.74±0.02
5.26±0.09

1.32±0.13
1.49±0.10
7.33±0.59

* LC: Luochuan Loess, China.
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HCI(Fe)/f(Fe)

H2SO4(Fe) H2SO4(Fe)/f(Fe)

(%)

(%)

(%)

90±4
88±11
89±8

2.94±0.12
2.35±0.11

91±6
91±10
91±8

56±6
50±3.6
72±6
57±5

0.98±0.16
0.94±0.03
4.95±0.16

74±14
63±5
68±6
68±8

-

Table 5. A comparison of iron in remote marine aerosols with iron in Chinese urban aerosols and
Chinese loess

Chinese loess
Xian urban aerosol
Remote marine aerosol

Dissolution
in 2N HCl/H2S04

Dissolution
in acidified water(pH=2-5.6)

Speciation

D(Fe)/T(Fe)

D(Fe )aerosoi/T(Fehoess

Fe(II)/T(Fe)

-90%
36-80%
90-100%

1
Not tested
5-17

135

0.44%
5%
56%

TABLE 6. T(Fe) and D(Fe) in Rainwater
STA~

Sampling Period

ADI
AD2
MWI

April 15, 1987
Oct. 17, 1986
May 20, 1986

GSOI
GSO2
GSO3
GSO4
GSO5
GSO6
GSO7
GSO8

April 6, 1986
April 8, 1986
April 21, 1986
May 7, 1986
July 2, 1986
July 26, 1986
July 9, 1988
July 11, 1988

Sampling location

i:il

T(Fe)
(nmol/kg)

The North Pacific
188±5.4
Oahu
5.20
26°N,155°W
5.40
149±14
47°N,158°W
80.6±7.2
4.71
Coast at Rhode Island, USA
Narragansett, RI
4.26
913±54
Narragansett, RI
3.87
860±54
Narragansett, RI
222±22
4.40
717±54
Narragansett, RI
3.96
Narragansett, RI
4.78
877±73
1790±140
Narragansett, RI
4.16
Narragansett, RI
3.90
483±27
466±25
Narragansett, RI
3.72

* GSO: Graduate School of Oceanography, University of Rhode Island, USA.
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D(Fe)

(nmol/kg)

D(Fe)/f(Fe)
(%)

39±3.6
18±1.8
27±3.6

21±3
12±2
23±5

188±9
127±7
36±4
150±2
105±7
358±3
73±5
70±5

16+2
21±2
12±1
20±2
.15±2
15±2
21±2
15±1

Figure 1. Locations where samples were collected
OA: Oahu; MD: Midway; FA: Fanning; EN: Enewetak; MW: RIV
Moana Wave SEAREX cruise; AD: ADIOS cruise; ST 4: Station 4
(33.3°N, 139.1 °W) of VERTEX cruise; XA: Xian city, China; LC:
Luochuan (35.5°N, 109°E) loess, China; V28: 28.32°N,134.08°E;
V21: 20.55°N,158,06°W; RCl: 53.09°N, 142.54°W.
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of T(Fe), HCl(Fe),

and

Procedures used for determination of the chemical
form of atmospheric iron in marine aerosol particles
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I
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Figure 3. Procedures used for the determination
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of Fe(II) and 2N HCI-

Procedures used for determination of HCI-soluble Fe
and Fe(II) in marine aerosol particles
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Figure 4. A comparison of the HCI-soluble fraction of iron, HCI(Fe) with
the H2S04-soluble fraction of iron, H2S04(Fe).
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Figure 16. A transformation

scheme for iron in remote marine aerosols.
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Figure 17. D(Fe) for marine aerosols in deionized waters as a function of
leaching time and pH
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Figure 18. D(Fe) in marine aerosols and Chinese loess as a function of pH
using acidified deionized water.
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and pH in acidified deionized water.
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CHAPTER 5:

The Adsorption of Dissolved Iron on Marine Aerosol Particles
in Sm-face Waters of the Open Ocean

This paper will be submitted for publication in Deep-Sea Res ..
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ABSTRACT
A study of the adsorption of dissolved iron in seawater onto marine aerosol
particles,

illite, and Chinese loess was conducted using 59Fe as a tracer.

We

found that: 1) The adsorption capacity of mineral aerosol particles for dissolved
iron could be > 1.5 µg/mg. In the surface seawater of the open ocean, even if the
dissolved iron, D(Fe), was ~7 nmol/kg (~14-100 times higher than the D(Fe) in the
surface seawater of the North Pacific), the saturated

adsorption capacity of the

mineral aerosol particles would not be reached. 2) The concentration of suspended
particles appear to be the master variable controlling the adsorbed fraction of iron.
Most of the dissolved iron may be adsorbed onto the particles in the ocean surface
microlayer, especially on the organic coatings on the aerosol particles.
be the mechanism by which the dissolved Fe concentration
much lower than the apparent
adsorption
Chinese

"saturated"

concentration

This might

in the open ocean is
of Fe(III).

3) The

capacity of mineral aerosols was more than twice that of illite and
loess.

4) Although

adsorption

is the predominant

mechanism

responsible for controlling the D(Fe) in the open ocean, the addition of the mineral
aerosols to the open ocean would still result in the dissolution of atmospheric iron
in seawater.
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1. INTRODUCTION
Atmospheric mineral particles are the major source of iron in open ocean
surface water [Duce, 1986, Moore et al., 1984, Martin et al., 1988]. More than 99%
of the dissolved iron in the surface water of the central North Pacific may be
provided by atmospheric input [Zhuang et al., 1990]. Since iron has recently been
reported

to be the limiting nutrient

for phytoplankton

oceanic regions where other major nutrients

productivity

in certain

are abundant [Martin and Gordon,

1988; Martin and Fitzwater, 1988; Martin et al., 1989; Martin et al., 1990], it is
particularly

important to understand

the ocean and the mechanisms

the fate of atmospheric iron after it enters

that are responsible

for controlling

the iron

concentration in the surface waters of the open ocean.
Most trace metals in seawater are found to be undersaturated
concentrations

predicted from thermodynamic

1954; Krauskopf,

relative to the

solubility calculations [Goldberg,

1956]. In the case of iron, although the solubility of ferric

hydroxide under the pH and redox conditions of the open ocean is very low, the
limiting "saturated"

concentration

range of dissolved iron derived from mineral

aerosols was found to be ~ 10-17 nmol/kg using 0.4-µm Nuclepore filters to separate
the soluble fraction from the particulate
were used, the "saturated"

concentration

fraction.

(If 0.05-µm Millipore filters

of dissolved

atmospheric

iron in

seawater was found to be ~5-8 nmol/kg [Zhuang et al., 1990]). However, dissolved
iron concentrations

in the open ocean are only <0.1-0.5 nmol/kg [Martin and

Gordon, 1988; Landing and Bruland, 1987; Symes and Kester, 1985]. To explain
these observations
surface precipitation)

the hypotheses

that sorption (adsorption,

absorption,

and

of metals by particles is an important and efficient removal

mechanism has been proposed [Krauskopf, 1956; Turekian, 1977]. Wangersky
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[1986] reviewed the recent literature
and speciation
concentration

and concluded that the dominant
of most trace metals

biologically
suggested

on the control of trace metal concentrations

produced

particulate

in seawater
matter.

that active biological processes

mechanism

controlling

appears to be adsorption

the
on

Coale and Bruland [1985, 1987]
are the major mechanism

for the

removal of metals from the ocean. In contrast, Santschi [1984], Balistrieri et al.
[1981], Li [1981], Li et al., [1984], and Schindler [1975] reported strong evidence for
scavenging

controlled

mechanisms

by surface reactions

on the particles.

focus on the same point: marine

particles

In fact, both

play a key role in

scavenging most trace metals.
Although there are a number of papers dealing ·with the ability of ferric
hydroxide particles, or iron as a ferric hydroxide coating on pre-existing particles,
to scavenge other metals, such as copper, cadmium, cobalt, zinc, and lead [Kester

et al., 1974/1975; Li, 1981; Balistrieri and Murray, 1982, 1983; Lion et al., 1982;
Tipping and Cooke, 1982; Zhuang et al., 1984], there are only a few papers on the
adsorption of dissolved iron from aqueous solutions onto particles.

Schindler et al.

[1976] investigated the adsorption of Fe(III) at silica-water interface and suggested
a surface complex formation

as

7Si-OH

+ Fe3+ <==> [(7Si-O)Fe]2+

+ tt+.

Courant [1976] reported that 100% of the dissolved iron could be adsorbed on the
surface of silica gel in a 0. 7 M sodium perchlorate
experiments
concentrations

where the concentration

medium at pH > 6 in the

of silica gel was 1 g/L and total iron

were 10 µmol/kg, 1.8 µmol/kg, and 1 nmol/kg.

Landing and

Bruland [1987], using the ratio of iron released by acetic acid to refractory iron as
an indication of adsorbed iron, suggested that in the North Pacific the supply of
dissolved iron to the surface mixed layer should be balanced by adsorption
particles

(scavenging) and the subsequent
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vertical

to

removal by biological and

physical processes.

Krishnaswami and Sarin [1976} studied the effects of organic

matter on the adsorption of iron and concluded that particulate
the major site for the removal of iron from seawater.

organic matter is

Using autoradiographic

techniques, Gluck and Lieser [1982] showed that dissolved iron could be adsorbed
onto both organic and inorganic surfaces of the particles

in seawater.

To date

there have been no studies of the adsorption of dissolved iron on marine aerosol
particles

after they enter the ocean.

Wangersky

[1988] pointed out that the

mechanisms responsible for the control of dissolved iron in the surface waters of
the open ocean are not altogether clear.
There are two major sources of suspended particulate
surface waters of the open ocean: atmospheric

matter (SPM) in the

input and biomass formation.

Phytoplankton in the euphotic zone and its decomposition by bacterial activity and
zooplankton grazing may be the largest source of SPM.

However, aeolian dust

deposition of terrestrial materials into the open ocean is another important source
of SPM [Duce et al., 1980; Prospero, 1981; Duce et al. 1983a; Uematsu et al., 1983,
1985]. As mentioned above, atmospheric input provides most of the dissolved iron
in the surface waters of the open ocean via aeolian dust deposition followed by
partial dissolution.

Since both continental and marine aerosol particles contain a

significant fraction of organic matter [Wameck, 1988; Duce et al. 1983b], it is clear
that the adsorption experiments

in pure inorganic system, such as adsorption of

trace metals onto silica gel, ferric hydroxide or manganese dioxide, are often not
the best simulations of natural water systems.

For example, Chester et al. [1988]

found that ~50% of the total copper in SPM from the surface seawater of Atlantic
Ocean was in organic association.
There are at least two simultaneous
when marine

aerosol particles

physico-chemical

processes at work

enter the surface waters of the open ocean:
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dissolution of components
particles

from the aerosols and adsorption on the surface of the

of dissolved species. such as trace metals. previously existing in the

seawater or newly dissolved from the aerosols.
results

of dissolution

studies

of atmospheric

We have already reported

the

iron [Zhuang et al.. 1990]. The

objectives of this work are 1) to determine directly the adsorption of dissolved iron
in seawater onto mineral particles
dissolution

processes

understand

the mechanisms

concentrations

after these particles

are proceeding.
responsible

utilizing

enter the ocean while

59pe as a tracer. and 2) to

for the control

of dissolved

iron

in surface seawater.
2. EXPERIMENTAL METHODS

2.1. Tracer solution
0.5 mCi 59pe as iron(III) chloride in 0.5 M HCl solution (~100 µL) was
obtained from E. I. Du PONT de Nemours & CO. Inc.. The specific activity was
12.01 mCi 59pe/mg Fe on the assayed date (5/28/90). According to these data. the
total dissolved

iron concentration.

D(Fe). in the original solution was ~7.45

mmol/kg.
The original tracer solution was diluted by a factor of 200 with deionized
water.

20 µL of the original solution was added to a 7.5 mL polyethylene

vial

containing 3.980 mL of Milli-Q deionized water. and 1 mL of the diluted tracer
solution was transferred to another 7.5 mL polyethylene vial as a standard tracer
solution to be used to calibrate a N al (Tl) crystal detector and to determine

the

counting efficiency. The two substock working vials containing the diluted tracer
solution were capped and stored in a hood. The total dissolved iron concentration
in the diluted tracer solution (substock) was ~37.27 µmol/kg. The radioactivity of
this substock was 25 µCi/ml on the assayed date.
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2.2. Sampling
Surface seawater samples (pH = 8.11) were collected at 30 m depth at Station
4 (33.3°N, 139.1°W) of the VERTEX (Vertical Transport and Exchange) cruise in
the North Pacific in May, 1988 by using Teflon-coated 30-L Go-flo bottles suspended
on nonmetallic Kevlar line. Dr. J. H. Martin's group at the Moss Landing Marine
Lab, CA, helped us collect the seawater samples.
samples were filtered

through acid-washed

The North Pacific seawater

142-mm 0.4-µm Nuclepore

mounted in Teflon sandwiches as soon as the samples were collected.

filters
These

samples were stored frozen from the time of collection until use in this study.
Remote

marine

aerosol

samples

used in this study were collected

continuously for one-week periods using high-volume air-sampling systems and
Whatman 41 filters (20 x 25 cm) at four island stations (Midway (MA), Oahu (OA),
Enewetak (EN), and Fanning (FA)) and collected in a cruise for ADIOS (AD,
'

Asian Dust Input to the Oceanic System) in the North Pacific in 1986 (see map of
the sampling stations

in Chapter

1). A detailed

description

of the aerosol

sampling system, procedures, and handling have been given by Uematsu et al.
[1983] and Duce et al. [1983]. Aerosol and seawater samples were stored frozen
from the time of collection until use in this study.
2.3. Adsorption experiments
The adsorption

study experimental

procedures

Each experiment consisted of duplicate bottles.

are illustrated

in Fig, 1.

100 g of filtered non-SPM seawater

was placed in a 125 mL acid-washed polyethylene bottle. The proper volume of the
substock tracer solution was added to the bottle, then 1 cm2 of a Whatman 41 filter
sample collected from the various stations was introduced into the seawater to
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obtain the designed SPM content in the seawater solution. The bottles were then
placed in a shaker and immersed in a water bath at a temperature

of 20 ± 1°c and

shaken for 3 hours.
After shaking, the seawater solutions were then filtered using a 47-mmdiameter 0.4-µm Nuclepore filter with a 250 ml polysulfone filter holder and the
filters were rinsed with 1 mL of deionized water.

The filtration time was 20-30

seconds. The Nuclepore filter with the residue was then folded and placed in a 7.5
ml (length 5 cm) polyethylene fliptop counting vial and two 5 ml aliquots of the
filtrate were pipetted into two polyethylene fliptop counting vials for determination
of the radioactivity.
The rest of the filtrate was divided into two parts.

One was filtered again

using 0.05-µm Millipore filter. Both parts of the filtrate were used to determine the
dissolved iron concentration,

D(Fe), by using an improved modified Co-APDC

technique [Boyle and Edmond, 1975] with a Perkin-Elmer

coprecipitation

atomic absorption spectrophotometer
The detailed

procedures,

5000

equipped with an HGA 500 graphite furnace.

the seawater blank, the procedural

recovery and experimental precision of D(Fe) measurement

blank, and the

have been described

elsewhere [Zhuang et al., 1990].
The amount of SPM resulting from the addition of the mineral aerosol was
calculated
particles
marine
measured

from aluminum concentration

by assuming: 1) the mineral aerosol

contain 8% aluminum [Uematsu et al., 1983], 2) all the sea salt in the
aerosols

is soluble in seawater.

by neutron activation

comparison, illite
experiments.

The aluminum

analysis (NAA) [Uematsu

concentration

was

et al., 1983]. As a

and Chinese loess were also used as SPM in the adsorption

Illite was purchased from the Clay Minerals Society, and its source
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was Silver Hill, Montana (Cambrian shale).

Chinese loess was collected from

Luochuan (35.5°N, 109°E), China. Both the illite and Chinese loess were sieved
with a 63-µm mesh, and the particle

size was measured

particle

The median particle sizes of illite and

analyzer (Particle Data Inc.).

Chinese loess were 7.9 and 15.1 µm respectively.

with an Elzone 180

The mass of illite and loess were

weighed with a microbalance.

2.4. Counting of samples
The radioactivity

of the filter residue and the filtrate were measured by

using a well type 3" x 3" Nal (Tl) crystal. The counting time for each sample was 1
minute.

The Nal detector was calibrated by using 60co. In addition, aliquots of

59F e from a subs tock solution was pipetted into a vial and placed in the detector
well to calibrate the N al detector and to determine the average counting efficiency
for 59Fe.
To measure the counting efficiency of the detector, 20 µL of the substock
tracer solution were added to a 7.5 ml polyethylene vial containing 0.980 mL of
Milli-Q deionized water. Two 20 µl aliquots of this solution were pipeted into two
polyethylene fliptop counting vials. The activity of each vial containing this tracer
solution was determined from the manufacturer's
per minute (dpm).

data to be 22,200 disintegration

The counting efficiency was calculated

by comparing the

measured counts per minute (cpm) and the calculated dpm, and it was observed to
be ~25%. The background of the counting system was ~300 cpm.
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2.5 Specific radioactivity

The specific activity for each experiment
measured

counting rate and the measured

must be calculated

from the

dissolved iron concentration

of the

filtrate that passed through the 0.05-µm filter for each sample.
The adsorbed iron concentrations

in the residue were calculated from the

measured counting rate and the specific activity for each sample, assuming the
specific activity of the adsorbed iron is equal to that of the dissolved iron in
seawater.

The operationally defined"dissolved" iron that passed through the 0.4-

µm filter may contain colloidal particles and the 59Fe may not be distributed
evenly in the solution. The 59Fe atoms in true solution may not become part of the
colloidal particles and the adsorbed iron on the surface of the particles larger than
0.4 µm may be primarily in the ionic or ion pair form. If this is the case, using the
specific activity of the filtrate as the specific activity in the calculation of the
adsorbed iron would overestimate the adsorbed quantities of iron on the surface of
the particles.

For this reason, we measured the dissolved iron concentrations

using both 0.4- and 0.05-µm filters. The dissolved iron concentrations

by

that passed

through the 0.05-µm filter were used to calculate the specific activity of the filtrate,
and this was then used as the specific activity in calculating the adsorbed iron on
the residue.

In this work the tracer solution in which the dissolved iron was in a

true ionic form provided 50-85% of the total dissolved iron in the filtrate.
The quantity of iron calculated using specific activity in the residue was
considered

to be the iron adsorbed on the particles

quantities

of iron adsorbed on the blank Whatman

from the seawater.

41 filter (without mineral

aerosols on it) in seawater with various D(Fe) were also determined
blanks in calculating

the quantities

and used as

of adsorbed iron on the mineral
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The

aerosol

particles.

For example, at D(Fe) = ~2 nmol/kg the adsorbed iron on a blank

Whatman 41 filter was ~0.6 ng/cm2. The detection limit for iron by measurement
of the radioactivity on the filters is ~0.02 ng per filter in this work.
3. RESULTS AND DISCUSSION

3.1. The validity of the data and the monomolecular layer exchange assumption
To determine the experimental precision of this method, the added known
iron concentration

from the tracer

was compared

with the measured

iron

concentration [See Chapter 8, Table 1]. The iron concentration in seawater before
filtration was also compared with the smn of the adsorbed iron on the filters and
the dissolved iron in the filtrate in the blank experiment (without adding SPM) to
confirm the reported data in this work. [See Chapter 8, Table 2]. Both data sets
were in good agreement within the analytical uncertainty

(less than 10%). The

'blank' iron adsorbed on the Nuclepore filter during filtration was measured and
described in detail in Chapter 8.
The primary

difficulty

in this

dissolution

work was to distinguish

two

The dissolved

iron

simultaneous

processes:

concentrations

derived from the addition of aerosol samples and from the tracer

solution were directly determined

and adsorption.

the

by AAS using a preconcentration

technique

[Boyle and Edmond, 1975; Zhuang et al., 1990]. The adsorbed iron was determined
using the radiotracer method by measuring the radioactivity in the filter residue
and calculating the adsorbed iron based on the specific activity of the filtrate.
However, it must be noted that the iron in the filter residue consists of two parts:
the adsorbed iron and the insoluble iron which preexisted in the particles.

Thus,

the iron in the residue calculated from the radioactivity may include iron present
due to exchange of iron between dissolved 59F e and the stable insoluble iron on the
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surface of the particles.

Therefore, the calculation may overestimate the adsorbed

iron. We must assume that the exchange between the stable iron and the 59Fe
atoms only takes place within a surface monomolecular layer of the solid phase.
We can calculate roughly the maximum amount of exchanged iron on the surface
of the particles,

utilizing the following information:

1) the average density of

aeolian dust is ~2. 7 g/cm3 [Pye, 1987], 2) the average weight percentage of iron in
mineral aerosol particles was ~4% [See chapter 6], 3) approximately

75% of the

total mass of remote mineral aerosols is on particles with diameters between 0.9
µm and 3.0 µm [Duce et al. 1983a], and 4) the covalent bond radius of iron is 0.116
nm [Stark and Wallace, 1975]. Based on these data and assuming that: 1) the
average particle radius is 1 µm and all the suspended particles are spherical and
their structure involves close packing, and 2) the percentage of the particle surface
that is occupied by iron is the same as the average weight percentage of iron in
mineral

aerosols (4%), we calculate

that the maximum amount of iron in a

surface monomolecular layer of the particles would be ~0.5 pg if the total mass of
mineral particles

introduced into seawater was 5 µg. The actual quantities

of

adsorbed iron on 5 µg of mineral aerosol particles in 100 g seawater, based on the
specific activity and the measured counting rate, were 3.2, 7.0, 8.9 ng when D(Fe)
was 2.0, 3. 7, 5. 7 nmol/kg, respectively.

Comparing the exchanged iron between

dissolved radio-iron and the stable insoluble iron on the surface of the particles
with the adsorbed iron, the maximum exchanged portion was less than 0.02%.
Even if the total mass of mineral particles introduced into seawater was 300 µg,
the calculated maximum amount of iron in the surface monomolecular

layer of

the particles was ~0.03 ng. The actual quantity of adsorbed iron on ~300 µg of
mineral aerosol particles in 100 g seawater, based on the specific activity and the
measured

counting

rate, was ~14 ng when D(Fe) was ~2.0 nmol/kg.

The

exchanged iron portion is still less than 0.25%. Therefore, the iron present due to
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exchange of iron between dissolved 59Fe and the stable insoluble iron on the
surface of the particles can reasonably be ignored.
3.2. Adsorption kinetics
There are two different types of equilibrium which must be condidered in
these experiments: 1) the exchange equilibrium between the stable Fe and the 59Fe
atoms; 2) the dissolution/adsorption

equilibrium.

two processes must also be considered.

The equilibrium between these

Figure 2 presents the adsorption capacity

(the adsorbed quantity of iron per unit mass (mg) of SPM) of mineral aerosols for
dissolved iron as a function of time. The adsorbed iron was measured at various
times for each bottle, using the same aerosol sample and the same concentrations
of SPM and similar D(Fe) after the aerosols were immersed in the seawater and
shaken at 20±1°C. While the highest adsorption peak occurred during the first
half hour, the results
equilibrium

indicate

that after ~2 hour all these processes

with D(Fe) of ~1.5 or ~7 nmol/kg.

The results

reach

suggest that the

adsorption of dissolved iron on the particles in the surface seawater of the open
ocean could reach equilibrium in a few hours after the aeolian dust enters the
ocean.

Cai et al. [1988] investigated the behavior of 59F e in a marine ecosystem
enclosure experiment

and also found an adsorption peak during the first hour.

There are two possible explanations for this peak: 1) At first, the dissolved iron
was complexed at the binding site with particulate

organic matter,

and then a

portion of the organic iron complex dissolved in seawater as the corresponding
dissolved Fe-organic complex. Hirose [1990] recently proposed a new equilibrium
model and indicated
particulate

that the conditional

stability

constant

of the metals in

form with organic matter has the same value as that of the dissolved

187

metal-organic

complex. Thus, as Maring and Duce [1989] suggested, the organic

matter may increase the solubility of trace metals in aerosol particles.

2) The

exchange ben,veen dissolved 59F e and the stable insoluble iron on the surface of the
particles does not reach equilibrium at first, and early in the experiment the 59F e
atoms or 59Fe complex ions may be more susceptible to adsorption onto the surface
of the particles.

Since the the exchange between the stable Fe and the 59F e atoms

should reach equilibrium quickly, the first explanation may be more reasonable.
3.3. The adsorbed quantity of iron vs. dissolved iron
The adsorption capacities of marine aerosols and the adsorbed fraction of
D(Fe) on marine aerosols at various D(Fe) and SPM were shown in Table 1.
Figure 3 illustrates
concentration

and the SPM concentration

and dissolution
measured

the adsorption capacity as a function of the dissolved iron

processes

in seawater in which both adsorption

have reached equilibrium.

after each sample was immersed

in the seawater and shaken for 3

hours. The suspended particulate matter concentrations
were within

a range

concentrations

The adsorbed iron was

in the seawater solution

of 0.058-0.340 mg/kg, which is similar

in the surface seawater of the open ocean.

suspended particulate

to the SPM

For example, the

matter in the top 0-200 m of the central North Pacific has

been reported in the range of 0.02-0.2 mg/kg [Martin and Gordon, 1988; Landing
and Bruland, 1987]. The aerosol particles were collected from different stations in
the North
properties

Pacific and the composition,

the surface

area, and the surface

of the aerosols in each sample might not be the same.

However, all

curves in Figure 3 clearly showed that none of the samples at D(Fe) = ~7 nmol/kg
(14-110 times higher than the D(Fe) in the surface seawater of the North Pacific)
reached a saturated adsorption capacity. Although one would not expect to have a
general and strictly linear relationship
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between adsorption capacity and D(Fe)

which can be applied to all marine aerosol samples, Figure 3 indicates that at a
fixed SPM concentration

there appears

to be a direct

correlation

between

adsorption capacity and D(Fe) in the D(Fe) range of ~2-7.5 nmol/kg. The mineral
aerosol particles
concentration

have the highest

adsorption

capacity

for the lowest SPM

For example, at SPM = 0.058 mg/kg the adsorption

in seawater.

capacities were 0.6, 1.2, and 1.5 µg Fe/mg SPM when D(Fe) = ~2.0, 3. 7, and 5. 7
nmol/kg, respectively.

At SPM = 0.340 mg/kg, the adsorption capacities were 0.22,

0.29, and 0.44 µg Fe/mg SPM when D(Fe) = ~2.6, 3.5, and 5.6 nniol/kg, respectively.
Because the adsoption capacity was represented

as the adsorbed iron per unit

mass of the initially added SPM, these results indicated that there was an excess
of adsorption sites on the surface of the particles even in the case of the lowest
SPM. Under these conditions the adsorbed iron on the particles did not reach the
saturated

adsorption

capacity.

The high adsorption

capacity of the mineral

aerosols may be due to their small particle size (and thus large particle surface
area) and the high proportion of organic matter.
3.4. The adsorbed fraction of iron vs. D(Fe) and SPM
Figure 4 illustrates
dissolved

the adsorbed fraction of iron as a function of the

iron concentration,

concentration,

(SPM).

D(Fe), and the suspended

particulate

matter

It is very clear that for a fixed SPM concentration

in

seawater the adsorbed fraction stayed quite constant when D(Fe) varied from <2 to
~7 nmol/kg.

At SPM concentrations

in the range of 0.058-0.200 mg/kg, the

adsorbed fraction was 20-25%. At SPM = 0.340 mg/kg, the adsorbed fraction was
30-35%. However, at SPM = 2.96 mg/kg, the adsorbed fraction was ~40-45%. The
concentration

of suspended particles

seems to control the adsorbed fraction.

Figure 5 is a plot of the adsorbed fraction vs. the SPM concentrations at D(Fe) = ~23 nmol/kg.

The adsorbed fraction reached 80% when the suspended particulate
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matter concentration was up to 25 mg/kg. The results illustrated in both Figures 4
and 5 clearly imply that the adsorbed fraction of dissolved iron in seawater largely
depends upon the suspended particle concentration.
Before marine aerosols enter the water column of the open ocean, they
must pass through the sea-surface microlayer.

Hardy et al. [1985] demonstrated

that atmospheric metals have residence times in the microlayer of 1.5-15 hours.
They also reported a mean enrichment factor (The ratio of the concentration in the
microlayer to the concentration in the bulk seawater) of 63 with a maximum of 250
for iron in a 50 µm-thick

microlayer.

Other reported

residence

times of

atmospheric metals in the surface microlayers have differed somewhat from the
values of these investigators.
particles

usually

predominant

However, all authors agree that atmospheric aerosol

have organic coatings

and that

atmospheric

input is the

source of particles in the surface microlayer [Hoffman et al., 1974;

Hunter, 1980; Gill et al., 1983; Hardy et al., 1985]. It has also been reported that the
higher biological activity in the microlayer enhances the microlayer enrichment
factors [Hardy et al., 1985]. Although we do not have SPM concentration

data in

the microlayer,

in the

we are confident

that the particulate

microlayer were higher than those in the
experimental
microlayer,

concentrations

bulk surface water.

Based on our

results, if there were very high SPM concentrations
most of the dissolved

iron would be adsorbed

in the surface

on the particles,

especially on the organic coatings on the aerosol particles [Balistrieri at al., 1981].
This may be one mechanism

partially

explaining

why the dissolved

Fe

concentration in the open ocean is observed to be much lower than its "saturated"
concentration of 10-17 nmol/kg measured by Zhuang et al. [1990].
We also found that more than 90% of the iron present

in the mineral

aerosols over the North Pacific was not part of the aluminosilicate
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matrix [See

Chapter

4].

particulate

Based on these results,

we suggest that the partition

and dissolved iron in the surface seawater

primarily controlled by adsorption and biological uptake.
from the microlayer

into the bulk

surface

between

of the open ocean is
After the particles move

seawater

with lower particle

concentration, part of the adsorbed iron might be released as dissolved iron, and
the so-called refractory

iron in seawater

may partially

be the biologically-

associated organic iron. Landing and Bruland (1987] reported iron data at various
geographical
particulate

locations

in the top 15-50 m of the North Pacific, where the

iron and dissolved iron were 0.39, 0.49. 0.39, 0.16, 0.11 and 0.38, 0.50,

0. 78, 1.00, 0.56 nmol/kg, respectively.

The corresponding SPM concentrations

those locations were 0.107, 0.069, 0.222, 0.020, 0.034 mg/kg, respectively.
central North Pacific in the mean the total iron concentrations,

in

In the

T(Fe), derived

from the mineral aerosol entering surface seawater over a 1 day period are in the
range from 0.8 to 1.6 nmol/kg [Zhuang et al., 1990]. We found in this work that at
SPM = 0.058-0.340 mg/kg the adsorption of iron by the particles was 20-35% of the
total iron and that at very low total iron concentrations (< 2 nmol/kg) ~50% of the
atmospheric

iron dissolves in seawater [Zhuang et al., 1990]. Both results from

our experiment and the in situ data from Landing and Bruland agreed well.
3.5. The operational distribution coefficient
The overall adsorption reactions are usually written in terms of observable
variables due to the complexity of the natural system [Hohl and Stumm, 1976;
Zhuang et al., 1984]. For example:
M + R <===> [R-M]ads or

(1)

M + R-X <===> [R-M]ads + X

(2)

Ckl = [R-M]adsl[M][R] and Ck2 = [R-M]ads[XJ/[M][R-X]
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(3)

where R or R-X are the smn of all surface sites not associated with the metal, [RMlads represents

all species of the metal associated with particle surface sites,

and M is the smn of all dissolved complexes and free forms of the metal.
variable X represents any chemical species that exchange with the metal.
the dependance

of the adsorption

The

Due to

on pH, X is H+ in many cases.

Ck is an

adsorption equilibrimn constant or a conditional exchange coefficient.

In natural

systems R or R-X represent

the particles in the solution.

However, in natural

systems it is very difficult to determine R or R-X, the smn of all surface sites not
associated with the metal.

Therefore, geochemists operationally define the metal

solid/solution

as the distribution

partitioning

coefficient, Kd, and express it as

follows [Honeyman, et al. 1988]:
Mads

Mdis

<====>

Kd

{Mads}/[Mdisl = [Madsl/[Mdisl·Cp

=

where [Mdisl and [Mads] represent

(4)

the molar concentrations

solution and in the adsorbed phase, respectively;

(5)

of metal M in

{Mads} denotes the mass of

adsorbed metal per unit mass of particles, Cp is the particle concentration in mass
per volume of water, and Ka is the distribution

coefficient.

Comparing the

equations for Kd and Ck, it is seen that the difference is the replacement

of R in

equation (3) with Cp in equation for (5). In these experiments Cp was the initial
introduced
determined.

particle

concentration,

and since it can be measured

It must be noted that Cp is only the experimentally

Kd can be
observed

solid/solution partitioning coefficient under specific experimental conditions.
The distribution coefficient, Kd, is a function of the suspended particulate
matter, SPM (i.e., the particle concentration Cp). Courant [1974] used silica gel to
study the adsoption of Fe(II) and Fe(III), and Cp was as high as 1 g/kg. In that
study there were many more surface sites to adsorb the D(Fe) from seawater, and
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essentially all of D(Fe) was adsorbed at pH > 6. In most of our experiments the
particulate

matter concentration

introduced from aerosol samples was less than

0.350 mg/kg, and the adsorbed fraction and the distribution coefficients, Ka, have
been determined.

Figure 6 illustrates

the distribution

seawater as a function of dissolved iron and particulate
For example, when the aerosol-introduced
Cp), was ~0.200 mg/kg in seawater
concentrations

coefficient

of iron in

matter concentrations.

suspended particulate matter, (SPM or

the dissolved

and the adsorbed

iron

were 2.37, 3.71, 5.89, 6.69 and 0.74, 1.19, 1.78, 1.96 nmol/kg,
Accordingly, the distribution coefficients, Ka , were 1.55, 1.59, 1.49,

respectively.

1.45 kg/mg with an average of ~1.5 kg/mg (the typical unit used for distribution
coefficients

are mL/g.

1 kg/mg is equivalent

to 1 x 106 mL/g).

The average

distribution coefficient, Ka, was ~5 kg/mg at SPM = 0.058 mg/kg while Ka was only
~0.25 kg/mg at SPM = ~3 mg/kg (See Table 1). These results indicate that at a fixed
SPM concentration the distribution coefficients were similar for the D(Fe) range of
~2-7.2 nmol/kg, and that the distribution coefficients increase, in general, with a
decrease of SPM concentrations.

Again, these results indicated that there was an

excess of the adsorption sites on the surface of the particles even in the case of the
lowest SPM.
3.6. A comparison of aerosols with illite and loess
As a comparison, the adsorption of dissolved iron onto illite and Chinese
loess has also been determined.

Chinese loess is believed to be the major source of

the mineral aerosols over the central North Pacific [Duce et al., 1980; Duce et al.
1983a; Uematsu et al., 1983, 1985). Figure 7 presents the adsorption capacity of
dissolved iron on mineral aerosols, illite, and Chinese loess at the same SPM
concentration of ~200 µg/kg. Figures 8 and 9 illustrate the adsorbed fractions and
the distribution

coefficients of dissolved iron for mineral aerosols (from EN162),
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illite, and Chinese loess at a fixed SPM concentration
range of 0.5-7.2 nmol/kg. At D(Fe)

(~200 µg/kg) and a D(Fe)

= ~2 nmol/kg the adsorption capacity was ~210

ng/mg for the mineral aerosols, while it was ~100 and ~80 ng/mg for illite and
Chinese loess respectively.

It was evident that the adsorption capacity for mineral

aerosols was more than twice that of illite and Chinese loess.

Under similar

conditions using surface seawater of the open ocean (D(Fe) < 2 nmol/kg, SPM

=

~200 µg/kg), the adsorbed fraction of dissolved iron by mineral aerosols was ~2025%, while the adsorbed fraction for illite and Chinese loess was only 10-13%. The
distribution coefficient was ~1.5 kg/mg for mineral aerosols, while it was only ~0.7
and ~0.6 kg/mg for illite and Chinese loess respectively (See Table 2). The median
particle sizes (mass median diameter (MMD)) of illite and Chinese loess were 7.9
and 15.1 µm. respectively.

More than 18% of the total iron present in the mineral

aerosols was was found on the final stage of a cascade impactor, which had a
MMD of less than 0.52-µm. Approximat~ly 90% of the total iron in remote mineral
aerosols was found on particles with diameters of less than 3.6 µm. (see Chapter 6).
The mineral aerosol particles were much smaller than the illite and Chinese loess
particles.

As mentioned

above, the mineral

aerosol particles

are probably

organically coated. Since smaller particles have more surface sites per unit mass
for the adsorption

and organic matter has great complexation

capability, these

factors may be important reasons why marine aerosols have a higher adsorption
capacity than the inorganic mineral illite and Chinese loess.

3. 7. The steady state of dissolution

and adsorption

for atmospheric

iron in the

surface waters of the open ocean

The adsorption of dissolved iron derived from the mineral aerosols and the
dissolution of atmospheric iron in seawater have separately been discussed in this
work and in another paper [Zhuang et al., 1990]. In the open ocean both the
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dissolution and the adsorption processes are attempting

to reach steady state.

However, we need to answer the following questions.

What is the fate of

atmospheric

iron after it enters the ocean?

mineral aerosols from the atmosphere

What is the real result of adding

to the ocean?

Does the dissolved iron,

D(Fe), increase due to dissolution or decrease due to adsorption?
To answer quantitatively
experimental

results.

concentration,

the above questions we may briefly recall our

In the central North Pacific in the mean the total iron

T(Fe), resulting from the introduction of mineral aerosol into the

top 1 meter of the surface seawater after 1 day have a range from 0.8 to 1.6 nmol/kg

[Zhuang et al., 1990]. The mass of the total mineral aerosols is ~25 times the mass
of the introduced

atmospheric

iron (see Chapter 6), and the concentration

of

mineral particles introduced from aeolian dust into the top 1 meter of the surface
seawater after 1 day is 1.1-2.2 µg/kg. The measured T(Fe) and the SPM in the
surface seawaters of the central North Pacific Ocean are 0. 7-1.2 nmol/kg and 20-

[Martin and Gordon, 1988; Landing and Bruland, 1987].

200 µg/kg, respectively

The mineral particles from aeolian dust input only contribute 0.5-11 % of the SPM
in the surface

waters.

Thus, phytoplankton

and other

biota

and their

decomposition particles are the primary sources of the SPM in the surface waters.
The mass of the SPM is roughly 1,000 times as much as the mass of the total iron
in the surface waters.
particles,

Since most of the dissolved iron would be adsorbed on the

especially on the organic coating of the particles,

concentration

the dissolved iron

in the open ocean is observed to be <0.1-0.5 nmol/kg, much lower

than its "saturated" concentration of 10-17 nmol/kg. Ifwe doubled our estimate of
the mean input of mineral aerosol into surface seawater over the central North
Pacific, the introduced mineral aerosol material would be only ~0.0022-0.0044
mg/kg in the top 1 meter of surface seawater after 1 day, and the total iron, T(Fe),
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would be 1.6-3.2 nmol/kg. This would represent only ~ 1-23% of the total SPM in the
surface waters.

Based on our experimental

results the additional adsorbed iron

due to the addition of 0.0022-0.0044 mg/kg of the mineral particles to the 0.020-0.200
mg/kg of SPM already exsisting in the surface waters of the open ocean can be
ignored (see Figure 5). However, the soluble fraction of dissolved iron at T(Fe) =
1.6-3.2 nmol/kg was found to be ~30-50% [Zhuang et al., 1990], and the D(Fe) would
be ~0.8-1 nmol/kg. At T(Fe) = 0.8-1.6 nmol/kg the soluble fraction of dissolved iron
was ~50% [Zhuang et al., 1990], and the D(Fe) would be ~0.4-0.8 nmol/kg.

Thus,

the resulting D(Fe) in the surface waters of the open ocean due to adding twice the
mineral aerosols is ~ 1.2-2 times as high as the D(Fe) expected to be present under
the conditions of the expected mean aerosol input to the central North Pacific. In
summary, the quantity of mineral aerosol entering the ocean from the atmosphere
is too small to affect adsorption process for D(Fe), but is significant as a source for
D(Fe) through dissolution.

It is clear that atmospheric iron is the major source of iron in much of the
open ocean. Although adsorption is the predominant mechanism responsible for
the controlling the D(Fe) in the open ocean, the addition of the mineral aerosols in
the open ocean would still result

in the dissolution

of atmospheric

iron in

seawater.
4. CONCLUSIONS

Our experiments led to the following conclusions:
1. The adsorption capacity of mineral aerosol particles for dissolved iron was > 1.5
µg/mg.

In the surface seawater of the open ocean, even if the dissolved iron,

D(Fe), were ~7 nmol/kg (~14-100 times higher than the D(Fe) in the surface
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seawater of the North Pacific), the saturated

adsorption capacity of the mineral

aerosol particles would not be reached.
2. The concentration

of suspended particles

appears to be a master variable

controlling the adsorbed fraction of iron. The adsorbed fraction reached 80% when
the suspended particulate matter concentration was as high as 25 mg/kg. Most of
the dissolved iron may be adsorbed onto the particles in the surface microlayer,
especially on the organic coatings on the particles.

This might be the mechanism

by which the dissolved Fe concentration in the open ocean is much lower than its
"saturated" concentration
3. The adsorption capacity of mineral aerosols was more than twice that of illite
and Chinese loess.
4.

Although

adsorption

is the predominant

mechanism

responsible

for

controlling the D(Fe) in the open ocean, the addition of mineral aerosols in the
open ocean would still result in the dissolution of atmospheric iron in seawater.
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TABLE 1. The adsorption capacities of marine aerosols, the adsorbed fraction and the
distribution coefficients of D(Fe) on marine aerosols at various D(Fe) and SPM
Sample ID

SPM*
(mg/kg)

D(Fe)*
(nmol/kg)

A(Fe)*
A(Fe)/T(Fe)*
(%)
(ng Fe/mg SPM)

Kd*
(kg/mg)

MD354

0.058±0.006

2.1±0.1
3. 7±0.1
5.4±0.1
5.4±0.1

540±60
1190±120
1500±150
1530±150

21.6±0.9
25.3±0.6
22.5±0.3
21.9±0.3

4.7±0.5
5.8±0.6
5.0±0.5
4.8±0.5

MD353

0.089±0.009

2.5±0.1
4.2±0.2
6.7±0.4
7.1±0.2

470±50
740±80
1220±140
1410±140

23.4±0.4
22.1±0.8
22.6±2.0
24.1±0.4

3.4±0.4
3.2±0.3
3.3±0.4
3.6±0.4

EN 168

0.099±0.010

2.0±0.2
3.4±0.1
4.8±0.2
5.4±0.1

330±30
720±70
920±90
1060±110

22.9±1.8
27.5±0.6
25.4±0.8
25.8±0.3

3.0±0.4
3.8±0.4
3.4±0.4
3.5±0.4

AD12

0.105±0.011

2.4±0.1
3.0±0.2
4.4±0.1
4.6±0.1

350±40
500±50
690±70
670±70

21.7±0.5
23.8±1.2
22.8±0.4
21.4±0.4

2.7±0.3
3.0±0.3
2.8±0.3
2.6±0.3

EN162

0.202±0.020

2.4±0.2
3.7±0.2
5.9±0.2
6.7±0.1

210±20
330±30
490±50
540±50

23.8±1.0
24.3±0.7
23.2±0.7
22.7±0.5

1.6±0.2
1.6±0.2
1.5±0.2
1.5±0.2

OA191

0.220±0.022

2.1±0.1
3.2±0.1
3.7±0.2
7.2±0.3

210±20
320±30
480±50
700±70

28.8±1.4
28.2±0.8
34.0±1.2
27.5±0.8

1.8±0.2
1.8±0.2
2.4±0.3
1. 7±0.2

OA192

0.340±0.034

2.6±0.1
3.5±0.1
5.6±0.3
7.2±0.2

220±20
290±30
440±40
490±50

34.2±0.9
33.5±0.5
32.5±1.0
29.4±0.5

1.5±0.2
1.5±0.2
1.4±0.2
1.2±0.1

OA187

2.960±0.300

3.2±0.1
4.0±0.2
6.9±0.2
7.5±0.4

46±5
56±6
100±10
126±13

43.2±1.0
42.6±1.1
43.8±1.0
46.9±1.6

0.26±0.03
0.25±0.03
0.25±0.03
0.3±0.03

• SPM: Suspended Particulate Matter. SPM was calculated from Al concentration in
aerosols by assuming that the mineral aerosol contain 8% Al, the deviation of SPM was
10% for all aerosol samples duo to the uncertainty of air volume in collecting the samples.
D(Fe): Dissolved Fe; A(Fe): Adsorption Capacity; A(Fe)/T(Fe): Adsorbed Fraction; Kd:
Distribution Coefficient.
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TABLE 2. A comparison of the adsorption of dissolved iron on marine aerosols with the
adsorption of dissolved iron on illite and Chinese loess at various D(Fe) and SPM
Sample ID

SPM*
(mg/kg)

D(Fe)*
(nmol/kg)

A(Fe)*
(ng/mg)

A(Fe)/T(Fe)*
(%)

Kd*
(kg/mg)

EN162

0.202±0.020

2.4±0.2
3.7±0.2
5.9±0.2
6. 7±0.1

210±20
330±30
490±50
540±50

23.8±1.0
24.3±0.7
23.2±0.7
22.7±0.5

1.6±0.2
1.6±0.2
1.5±0.2
1.5±0.2

illite

0.200±0.020

0.6±0.1
2. 7±0.1
4. 7±0.1
7.3±0.1

26±3
99±11
210±21
240±25

13.2±0.7
11.5±0.6
13.8±0. 7
10.6±0.6

0.8±0.1
0. 7±0.1
0.8±0.1
0.6±0.1

loess

0.200±0.020

1.0±0.1
2.1±0.1
3.9±0.1
6.1±0.1

32±4
79±8
140±15
220±23

11.3±0.6
10.4±0.5
11.3±0.6
11.5±0.6

0.6±0.1
0. 7±0.1
0.6±0.1
0. 7±0.1

• SPM: Suspended Particulate Matter; D(Fe): Dissolved Fe; A(Fe): Adsorption Capacity;
A(Fe)/T(Fe): Adsorbed Fraction; Kd: Distribution Coefficient.
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Figure

1.

The procedures

used for determination

of the adsorption

of

dissolved iron onto mineral aerosol particles.
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ABSTRACT
The total atmospheric iron input to the central North Pacific was estimated
as (8.4 ± 2.0) x 1011 g/yr. For the entire North Pacific the total atmospheric
input is estimated
marine

to be ~15 x 1012 g/yr by using a newly estimated

iron

value for

aerosol input [ Uematsu et al., 1990] and an Fe/Al ratio of 0.52. The

scavenging ratio for atmospheric iron by precipitation

was found to be in the range

of 300-1450. More than 18% of the total iron present in the mineral aerosols was on
particles with a 50% cut-off diameter (MMD) less than 0.52µm, and approximately
90% of total iron in remote mineral aerosols was on particles ·with a MMD between
<0.52 µm and 3.6 µm.
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1. INTRODUCTION

Although rivers, direct dmnping, and atmospheric

transport

have been

recognized as the main pathways transporting natural and man-made material to
the open ocean for some time, only recently has it been realized that in many
remote marine areas atmospheric
many substances,

transport provides the major contribution

compared with other transport

paths.

for

Since the late 1970s

much attention has been given to the determination of the source and fate of trace
metals, including iron, in aerosol particles

over the ocean [Duce et al., 1976;

Goldberg, 1976; Rahn, 1976; NAS, 1978]. The SEAREX Program [Duce, 1983, 1989]
has investigated

particle

geochemistry

in the atmosphere

and at the air-sea

interface, particularly in the Pacific Ocean region, during the 1970s and 1980s. As
a consequence of these studies, the geochemical cycling of trace metals is known to
I

involve a complicated coupling of the physical, chemical and biological processes
that take place in the atmosphere, at the air-sea interface and in the surface ocean
water.

Some of the trace substances

are toxic, such as Pb [Maring and Duce,

1990]. On the other hand, some of the micronutrients,

such as iron, are essential

to marine organisms, and iron may be the limiting nutrient for primary biological
productivity

in some oceanic regions [Duce, 1986; Martin and Gordon, 1988;

Martin and Fitzwater, 1988; Martin et al., 1989; Martin et al., 1990]. It has been
. demonstrated

that eolian mineral dust is the major sources of a nmnber of trace

elements in many ocean regions [Duce et al., 1980; Prospero, 1981; Duce et al.,
1983; Uematsu et al., 1983, 1985; Chester et al., 1984]. The atmospheric
deposition rate is similar to the marine sedimentation
Pacific [Arimoto et al., 1985].
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iron

rate for iron in the North

Duce et al. [1976] estimated

that the global flux of iron from crustal

weathering to the atmosphere was 1.1 x 1013 g/yr by using the average abundance
of iron in the continental

crust of 5.63% [Taylor, 1964] and an estimated

total

production of atmospheric particles due to weathering of 2 x 1014 g/yr. The global
atmospheric

anthropogenic

iron production was estimated

to be 0.8 x 1013 g/yr

[NAS, 1978]. Using the flux of continental dust wafted into the atmosphere of 5 x

1014 g/yr [Goldberg, 1971], Lantzy and Mackenzie [1979] estimated
continental

iron flux was 1.9 x 1013 g/yr. They also estimated

that the

that the volcanic

dust and gas fluxes of iron were 0.88 x 1013 and 3. 7 x 108 g/yr, respectively,
total emissions of iron were 1.07 x 1013 g/yr from industrial

the

sources and fuel

combustion.
GESAMP [1989] calculated

world ocean for 10° latitude

the atmospheric

input of trace species to the

x 10° longitude areas.

They estimated

that the

deposition of atmospheric iron to the North Pacific is ~1.7 x 1013 g/yr, assuming
that the mineral aerosol contains the same ratios as the upper continental crustal
abundances, i.e. 8.04% Al and 3.5% Fe [Taylor and McLennan, 1985], the mean
dry deposition velocities are 0.4 cm/s over the remote open ocean and 2 cm/s over
coastal and near-shore areas (distances from the coast less than 1000 km), and the
mean precipitation

scavenging ratio is 1000 for the entire North Pacific.

The objective of this work is to quantitatively
atmospheric iron from Asia to the North Pacific Ocean.
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estimate

the transport

of

2. EXPERIMENTAL METHODS

2.1. Sampling
As part of the SEAREX Program the atmospheric aerosol samples used in
this study were collected continuously over the North Pacific for one-week periods
by using a high-volume air-sampling system and Whatman 41 filters (20 x 25 cm)
in 1986 at four island
Additional

stations

(Midway, Oahu, Enewetak,

and Fanning).

marine aerosol samples from the North Pacific were collected

at

47°N,158°W (MWl, sample ID MW55) and 40°N,165°W (MW2, sample ID MW131)
during two cruises of RIV Moana Wave from May 17 to 25 and from June 20 to 23,
1986; at 26°N,155°W (sample ID AD 209 and AD 210) during a cruise of RIV Moana
Wave from October 16 to 18, 1986; and at 33.3°N; 139.1°W (sample ID ST 4 01 and
ST 4 02) during a cruise of the RIV Point Sur from May 19 to 26, 1988 by using a
high-volume air-sampling system and 24 cm-diameter
sampling

location

dissertation].

map

and Duce, 1990, in Chapter

in Zhuang

A detailed description

Whatman 41 filters [see
3 of this

of the sampling system, procedures,

and

handling were given by Uematsu et al. [1985]. For the samples collected on the
ship, wind direction was continuously monitored

to ensure that the air being

sampled

or other

had not

contaminations,
ship.

recently

passed

over land

sources

of local

such as the fumes from other ships passing by the sampling

Aerosol sampling also was stopped during precipitation.

The sampling

periods for the samples examined covered the high dust season (i. e. spring) and
some samples were also collected in the low dust season [Uematsu et al., 1985].
The sampling areas covered the central North Pacific ranging from 3°55'N at
Fanning to 47°N on the first SEAREX cruise of RIV Moana Wave from May 17 to
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. 25, 1986 and from 162°20'E at Enewetak to 139.1°Wat station 4 of the cruise of RIV
Point Sur from May 19 to 26 in 1988.
Size-separated aerosol samples were also collected on board ship during the
ADIOS (Asia Dust Input to the Ocean System) cruise in May, 1986 in the central
North Pacific using a modified Sierra model 235 high volume cascade impactor.
The 50% cutoff size (expressed as mass median diameter (MMD), Duce et al., 1983)
values for stage 0, 1, 2, 3, 4, 5, and final filter are 17, 9.3, 3.6, 2.1, 1.0, 0.52, and <
0.52 µm respectively.
The surface seawater samples were collected

at station

4 of VERTEX

Program in May, 1988 by using Teflon-coated 30 L Go-flo bottles suspended on nonmetallic

Kevlar line.

The seawater samples were filtered through tared acid-

washed 142 mm 0.4-µm Nuclepore filters mounted in Teflon sandwiches on the
ship as soon as the seawater was collected.

Rainwater samples were collected on

an event basis from the tops of the towers at Oahu and on the ship during several
cruises using a conventional

polyethylene

funnel.

The procedures

used for

collection of the rain samples have been described by Patterson [1988].
Urban aerosol samples were collected from November 1 to 13, 1989 in the
city of Xian (34°N, 109°E), which is located in the central area of China near the
loess plateau region. Samples of loess were collected at Luochuan (35.5°N, 109°E),
in the loess plateau region of China.
All these samples were stored frozen from the time of collection until use in
this study.
Nuclepore

All labware and experimental

apparatus,

filters were acid-washed using a procedure

Zhuang et al. [1990].
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and Whatman
described

41 and

in detail by

2.2. Chemical Analysis
Detailed procedures for the leaching experiments and for the analyses for
total

iron (T(Fe)) in marine

dissertation.

aerosols were described

in Chapter

3 of this

A Perkin-Elmer 5000 atomic absorption spectrophotometry

equipped

with an HGA 500 graphite furnace was used to determine the iron concentrations.
Details are given in Zhuang et al. [1990].

Aluminum. Aluminum was used as the reference element for mineral dust
particles [Uematsu et al., 1983]. The dust concentrations were calculated from the
atmospheric
ratios

aluminum by assuming that the mineral aerosol contains the same

as the upper

continental

crustal

abundances,

i.e. ~8% [Taylor and

McLennan, 1985; Uematsu et al., 1983]. The aluminum concentrations
aerosol samples were determined

by instrumental

neutron activation.

in the
Samples

were cut from a folded filters with a titanium punch 2.2 cm in diameter, and the
two pieces of a sample were then placed in a polyethylene vial. The sample vial
and a neutron flux monitor were irradiated simultaneously

for 60 seconds in the

swimming pool reactor in Rhode Island Nuclear Science Center at a flux of 4 x
1012 n cm-2 s-1. The irradiated sample was transferred

to an unirradiated

vial

and, after a 120-s cooling period, was counted for 28Al (t112=2.24 min.) for 500 son
a 25% Ge(Li) detector (resolution of 2.5 keV for the 1332-kev gamma ray of 60co)
coupled to a multi-channel analyzer.
3. RESULTS AND DISCUSSION

3.1. The ratio of Fe to Al (Fe/Al) in the urban and remote marine aerosols
Figure 1 illustrates

the relationship

between Fe and Al concentrations

in

remote marine aerosols collected from the four island stations from January to
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June, 1986 and from the four cruises in the North Pacific during 1986, 1987, and
1988. These samples should be the representatives
50°N, 150°E-130°W). The concentrations

of the central North Pacific (0-

of Fe and Al in the samples examined

ranged from 5 to 200 and from 9 to 410 ng/m3 STP respectively,
weighted mean concentrations
respectively.

and the volume

of Fe and Al were 38±5 and 72±7 ng/m3 STP

The results indicated that the ratio of Fe to Al concentrations was in

the range of 0.37-0. 72 and the volume weighted mean ratio of Fe to Al was 0.52±0.09
in the remote marine aerosols. As a comparison, the Fe and Al concentrations

in

Chinese loess and the urban aerosols collected in Xian, located in the center of
China near the arid loess region, were also measured in this work.
Figure 2 illustrates the relationship between the Fe and Al concentrations in
the urban aerosols collected in Xian in November, 1988. The concentrations

of Fe

and Al in these aerosols ranged from 1.5 to 4.6 and from 2.6 to 10.6 µg/m3 STP
respectively,

and the volume weighted mean concentrations

of Fe and Al were

2.82±0.30 and 5.57±0.56 µg/m3 STP respectively. The results indicated that the ratio
of the Fe to Al concentrations was in the range of 0.41-0.64 and the volume weighted
mean ratio of Fe to Al concentrations

was 0.51±0.11 in the urban aerosols.

The

Chinese loess contained 2.6-3.2% Fe and 7.0-8.2% Al, and the ratio of Fe to Al was
in the range 0.37-0.39 with a mean of 0.38. Figure 3 illustrates

the mean Fe/Al

ratios for all these sample types. Although T(Fe) concentrations

in aerosols from

Xian were -800-900 times greater than T(Fe) concentrations

in remote marine

aerosols, the volume weighted mean Fe/Al ratios in both aerosols were almost
identical.

The arid loess and desert regions of China have been shown to be the

major sources of the dust over the North Pacific [Uematsu et al., 1983; Uematsu et
al., 1985; Duce et al., 1980; Prospero et al., 1969]. Compared to the Fe/Al ratio in
Chinese loess, atmospheric

iron in both urban and remote aerosols has a small
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enrichment,

with the enrichment

factor being ~l.35.

This small enrichment

of

iron may be from industrial sources and fuel combustion, as coal is the dominant
energy source in all parts of China. However, the results above suggest that during
the long range transport

even though the aerosols undergo severe physical and

chemical changes, the ratio of Fe to Al in the aerosols remains essentially

the

same.
3.2. The scavengi.ng ratio for Fe in the remote marine atmosphere
The scavenging
concentration

ratio,

S, is operationally

defined

as the ratio of the

of an element in rain to its concentration in the atmosphere.

Sis a

dimensionless number given by
(1)

S = CrainPICair,
where Crain is the concentration

in raining/kg,

Cair is the concentration

in air

in g/m3, and p is the density of air (1.2 kg/m3) at standard conditions [Uematsu et

al., 1983; Buat-Menard and Duce, 1986]. Several rain and aerosols samples were
collected over the same sampling periods during the three cruises in the North
Pacific in 1986 and at Oahu in 1987. The concentration of Fe in the aerosol and the
rain samples and the scavenging ratio calculated from (1) are presented
1. The scavenging ratio for atmospheric

in Table

iron in the remote marine atmosphere

was in the range of ~300-1440. Uematsu et al. [1985] calculated a scavenging ratio
range of 500-2000 for mineral aerosol, with an average of 1000, for the entire year at
a number of sites in the North Pacific based on the measured total deposition flux,
• the dry deposition velocity ( ~0.32 cm/s) [Arimoto et al., 1985], the precipitation
amount, and the aerosol concentration

in the air.

They also found that the

scavenging ratio for the low dust season was slightly higher, over 2000. GESAMP
[1989] used a scavenging ratio of 1000 to estimate the mineral aerosol flux to the
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world ocean except the North Atlantic.

Based on our directly measured data the

average value for S of 1000 seems a reasonable number for atmospheric iron in the
North Pacific.

It must be noted that the physical meaning of the operationally

defined scavenging ratio is not clear.
. elemental concentrations

The scavenging ratio calculated from the

in the aerosols and in the rain from an individual event

depends largely on the sampling conditions, e. g., the precipitation
sampling

duration,

amount, the

the rain drop size (storm, rain, or drizzle), the vertical

distribution of the aerosol concentrations, etc. For example, on March 31, 1987 at
Oahu there was a 1-2 hour storm followed by 4-5 hours of drizzle.

The rain

samples were collected from both the storm and the drizzle period. The sampled
water volumes were 1260 mL for the storm period (10:00-11:15, AM) and only 30 mL
for the drizzle period (2:00-6:15, PM), and the concentration

of iron in the two

samples were 12 and 240 µg/kg for storm and drizzle, respectively.
based on these data and the Fe concentration

Accordingly,

in the aerosol sample that was

collected during the period covered both the rain and drizzle sampling periods, the
calculated

scavenging ratios were 72 and 1440, respectively.

However, the

estimated

scavenging ratio based on the longer term means, as reported

by

Uematsu et al. [1985], can be used to estimate approximately the wet deposition
and, from this, the total atmospheric deposition to the open ocean.
3.3. The size distribution of atmospheric iron
The percentage of the total aerosol iron on each cascade impactor stage is
illustrated in Figure 4. The results were determined from a size-separated aerosol
sample collected on board ship during the ADIOS cruise in May, 1986 in the
central North Pacific.

More than 18% of the total iron present in the mineral

aerosols was in the final stage, whose 50% cut-off size (MMD) was less than
0.52µm, and approximately 90% of total iron in remote mineral aerosols was on
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particles

with

a MMD between

<0.52 µm and 3.6 µm.

The maximum

concentration of iron occurred on stage 2 of the cascade impactor, with a MMD of
3.6 µm. There was only 1.4% of the iron on particles with diameters >17 µm. The
percentage of the aluminum concentration on each stage determined in the same
sample is also illustrated

in Figure 4. The fact that the percentage of iron and

aluminum on the final stage is higher than that of stage 5 may partially be due to
a bounce effect of the particles in the sampler. The size distribution of iron in this
marine aerosol sample was similar to that of aluminum.

These results support

our belief that the source of virtually all the atmospheric

iron in the remote

marine aerosols over the North Pacific was mineral matter from the continents

[Duce et al., 1983].
3.4. The transport of atmospheric iron from Asia to the central North Pacific

Uematsu et al. [1985] measured the total deposition of atmospheric mineral
particles at four stations in the North Pacific. They found that the average daily
deposition amounts during the high dust season at Midway (0.30 µg/(cm2-day))
was 3.6 times higher than that during the clean season (0.084 µg/(cm2-day)), with
a strong correlation between the dust flux and the occurrence of precipitation.
When the precipitation

was low or absent, low dust fluxes were observed.

They

determined that wet deposition of dust accounted for 75-85% of the total deposition
to the ocean. They estimated the atmospheric flux into five latitudinal zones over
the North Pacific, four of which were represented by the four island stations used
in this work. All the dust data reported by Uematsu et al. [1985] were based on the
measured

Al concentration,

assuming aerosol particles

mentioned

above, during the ~10,000 km transport

contain

8% Al.

As

from central China to the

central North Pacific, the Fe/ Al ratio in the mineral aerosols remains essentially
. the same, even though the aerosols undergo both significant
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physical

and

chemical changes. The scavenging ratios that we measured directly from the Fe
concentrations

in the rain and in the aerosols were also within the range

estimated by Uematsu et al. (1985]. Therefore, it is reasonable to use the volume
weighed mean Fe/Al ratio to estimate the transport of atmospheric iron from Asia
to the central North Pacific based on the mineral aerosol flux reported by Uematsu

et al. (1985].
The atmospheric iron input to the five latitudinal zones of the central North
Pacific was estimated and is given in Table 2 by using an Fe/Al ratio of 0.52 and
assuming that Al comprises 8% of mineral aerosol over the central North Pacific

[Uematsu et al., 1983]. The total atmospheric

iron input to the central North

Pacific is estimated to be (8.4 ± 2.0) x 1011 g/yr. Recently, Uematsu et al. (1990]
combined the data provided by the SEAREX Program and the data from six
Japanese

island operated by Hokkaido University group and reported

a new

estimated annual mineral aerosol flux over the entire North Pacific (~350 x 1012
g/yr). Based on these data the atmospheric iron input to the entire North Pacific
should be ~15 x 1012 g/yr by using this newly estimated value for aerosol input to
this region and the same Fe/Al ratio (0.52). The mineral aerosol concentration in
the North Pacific depends largely on the distance from the dust source in central
Asian areas.

The distance at which the mineral aerosol concentration

decreases

to about one half of its value over the continents has been found to be 500-600 km
from the coast of Asia [Tsrmogai et al., 1985]. The rate of deposition of mineral
aerosols in the western North Pacific coastal region is much greater than that in
the central North Pacific. Thus, the inputs of atmospheric iron per unit area to
these two regions (central and coastal areas) are about a factor of 20 different.
There is a latitudinal

gradient in the atmospheric

iron concentration

deposition flux, with the highest values at mid-latitudes.
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and its

The lowest atmospheric

iron flux is in the tropical equatorial area, where strong upwelling take place and
where the primary nutrients, such as nitrate, are abundant.

Martin et al. [1989]

and Martin et al. [1990] suggest that atmospheric iron may be the limiting factor
for the primary productivity in these equatorial regions of the North Pacific. There
is also is a strong temporal distribution pattern in this area. The infrequent shortterm high dust events usually take place in the spring and may contribute

the

major fraction of the annual dust flux to the North Pacific. The high dust episodes
observed in 1986 usually lasted only a few days [Uematsu et al., 1990]
4. CONCLUSIONS
Our study led to the following conclusions:
1) The ratio of Fe to Al in mineral aerosols was ~0.52, whether over China or over
the remote North Pacific.
2) The scavenging ratio of atmospheric

iron was in the range of 300-1450. An

average vaalue was ~1000.
3) The total atmospheric iron input to the central North Pacific was estimated to
be (8.4 ± 2.0) x 1011 g/yr. For the entire North Pacific the total atmospheric iron
input was estimated

to be ~ 15 x 1012 g/yr using the newly estimated

values for

mineral aerosol input [Uematsu et al., 1990] and the Fe/Al ratio of 0.52.
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TABLE 1. The scavenging ratio, S, for atmospheric iron in remote marine aerosols
Aerosol Id Sampling Period
MW55
MW131
AD209
AD12
AD26

05/19/86-05/25/86
06/20/86-06/23/86
10/17/86-10/18/86
03/31/87-04/01/87
04/15/87-04/16/87

Rain Sampling Period

location
(ng/m3)

05/20/86, 2330-0345
06/22/86, 0100-0500
10/17/86, 0900-1130
03/31/87, 1400-1815
04/15/87, 0645-1130

47°N,158°W
40°N,165°W
26°N,155°W
Oahu
Oahu
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Rain Volume
Cair
(mL)
(µg/kg)
11±0.9
7.6±0.5
8.9±0.6
200±16
41±3.5

1740
290
300
30
150

Crain
4.5±0.2
3,3±0.3
8.3±0.8
240±20
11±1.0

s
490
514
1120
1440
305

TABLE2. The estimated total atmospheric iron input to the central North Pacific
Latitude

Estimated mineral aerosol flux•

Estimated atmospheric iron flux

(ON)

(10 12 g/yr)

(1011 g/yr)

0-5
5 -15
15 - 25
25 - 40
40 - 50

0.5 ± 0.1
4.4 ± 0.8
3.8 ± 1.3
7.5 ± 1.8
4.2 ± 1.2

0.2 ± 0.04
1.8 ± 0.3
1.6 ± 0.5
3.1 ± 0.7
1.7 ± 0.5

Total

20 ± 3

8.4 ± 2.0

* From

Uematsu et al. [1985]
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CHAPTER 7
A smnmary: The biogeochemical cycle of iron in the atmosphere
and in the ocean
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Figure 1 briefly illustrates

the global biogeochemical cycle of iron among

the atmosphere, ocean and solid earth (the part from magma to soil in this figure
is from Murad and Fischer [1988]).

The transport

and transformation

of

atmospheric iron from the land to the ocean has been discussed in Chapters 2, 3,
4, and 6 of this dissertation.

The fate of atmospheric iron after it enters the ocean

and the mechanisms that are responsible for controlling the iron concentration in
the water were discussed in detail in Chapters 2 and 5 of this dissertation

and in

Zhuang et al. [1990].
In summary:
1) Eolian dust input is the predominant source of both dissolved and particulate
iron in the open ocean. In the North Pacific regions atmospheric input from arid
regions in central Asia provided more than 99% of the dissolved iron in the surface
seawater of the open ocean [Zhuang et al., 1990, Chapter 2 of this dissertation].
2) 90% of the iron is in the non-aluminosilicate
100% of iron is in the non-aluminosilicate
[Chapter 3 of this dissertation].

form in Chinese loess, while 90form in remote

marine

aerosols

Less than 1% of the iron is present as Fe(II) in

Chinese loess, whereas more than 50% of the iron is present on Fe(II) in remote
marine aerosols [Chapters 3 and 4 of this dissertation].
3) The photochemical

reduction, possibly involving sulfur or organic reductants,

and the subsequent dissolution of iron are probably the dominant transformation
mechanisms

affecting atmospheric iron during long range transport from Asia to

the North Pacific [Chapters 3 and 4 of this dissertation].
4) The annual input of atmospheric iron to the central North Pacific is ~8 x 1011
g/yr and to the entire

North Pacific is ~15 x 1012 g/yr [Chapter

254

6 of this

dissertation].

The total deposition of atmospheric

iron to the world ocean is

estimated to be ~32 x 1012 g/yr compared with the global riverine input to the world
ocean of ~111 x 1012 g/yr [GESAMP, 1989]. The dissolved iron and particulate iron
from atmospheric input to the world ocean is estimated to be ~16 x 1012 and ~16 x
1012 g/yr respectively
particulate

[from this work] compared with the dissolved iron and

iron from the global riverine input to the world ocean of~ 1 x 1012 g/yr

and ~110 x 1012 g/yr respectively

[GESAMP, 1989]. The estimated

atmospheric

iron flux from crustal weathering, volcanic, and anthropogenic emissions, as well
as the deposition to the ocean are illustrated in Figure 2. It must be noted that to
date there is no estimate of the distribution of atmospheric iron deposition between
the land and the ocean.

The atmospheric

dust flux depends largely on the

distance from the dust source (see Chapter 6), and the deposition to the land from
the crustal weathering may be much greater than that to the ocean.

Thus, the

estimate of the total crustal weathering flux from 500 x 1012 g/yr [Prospero, 1981;

Peterson and Junge, 1971] to 1800-2000 x 1012 g/yr [d'Almeida, 1986], (Fe: from 18 x
1012 to 63-70 x 1012 g/yr, assuming dust contains 3.5% Fe) is too low compared with
the deposition to the world ocean (Fe: 32 x 1012 g/yr [GESAMP, 1989]). Assuming
that 20% (it is likely less than this percentage) of the dust from crustal weathering,
volcanic, and anthropogenic

emissions deposits in to the world ocean, the total

•iron from crustal weathering alone should be at least ~ 140 x 1012 g/yr (28 x 5 = 140,
see Figure 2), if the estimate

of the dust deposition to the world ocean from

GESAMP [1989] is reasonable.

This is equivalent to a total crustal weathering flux

of ~4000 x 1012 g/yr, suggesting at least 2-3 times higher than previous eatimates.
5) Up to 50% of the atmospheric iron may dissolve in the surface seawater of the
open ocean [Zhuang et al., 1990, Chapter 2 of this dissertation].

Adsorption and

biomass uptake are responsible for controlling the iron concentration
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in seawater

[Chapter 5 of this dissertation].

Much of the atmospheric iron may be biologically

involved in the ocean [Chapters 4 and 5 of this dissertation].
6)

The residence

time of atmospheric

iron is a few days to about 1-2 weeks,

whereas the residence time for particulate iron in the ocean is 100-200 days and for
dissolved iron it is several years [Landing and Bruland, 1987].
7) The sedimentation

rate of iron to the ocean floor is similar to the atmospheric

flux to the ocean in the North Pacific [Arimoto et al., 1985].
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Figure 1. The biogeochemical
solid earth.

cycle of iron in the atmosphere,

ocean and

(The part from magma to soil is from Murad and Fischer

[1988])
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Figure 2. The estimated

atmospheric

volcanic, and anthoropogenic

iron flux from crustal weathering,

emissions, as well as the deposition

the ocean.
"'All fluxes are in 1012 g/yr.
a: Prospero, [1981]; Peterson and Junge, [1971]
b: d'Almeida, [1986]
c: Lantzy and Mackenzie, [1979]
d: NAS, [1978]
e: GESAMP, [1989]
f: Zhuang et al., [1990]
g: Duce et al., [1976]
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APPENDICES
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APPENDIX A
The adsorption of dissolved iron in seawater on filters during
filtration

This paper will be submitted

for publication

Oceanography.
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in Limnology and

ABSTRACT
We found that potentially

significant

quantities

of dissolved

iron in

seawater can be adsorbed by Nuclepore, and especially by Millipore, filters during
filtration.

The quantity of dissolved iron adsorbed apparently

surface properties of the filters and the concentration

depends on the

of dissolved iron. In 20-30

seconds of filtration of 100 g of seawater, 0.4-µm porosity Nuclepore filters (47 mmdiameter) adsorbed 10-20% of the dissolved iron in the seawater when dissolved
iron concentrations

were less than 1 nmol/kg. 0.45-µm Millipore filters adsorbed

35-73% of the dissolved iron under the same conditions. We suggest that the filter
adsorption

'blank' during filtration

must be considered when determining

dissolved iron concentration following filtration.
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1. INTRODUCTION

Filtration

is a most common technique

from dissolved material in seawater.

to separate

suspended particles

Traditionally, 0.4-µm Nuclepore membrane

filters or 0.45-µm Millipore membrane filters are used to separate the particulate
from the 'soluble'
operationally
membrane

fraction, and thus in oceanography

defined as any material

that passes through a 0.4-µm Nuclepore

filter or 0.45-µm Millipore membrane

implications

the 'soluble' fraction is

filter.

Although the chemical

of this definition are not clear, filtration techniques are still widely

used in studying the speciation of trace metals in natural waters [e.g., Eisenreich

et al.,1980; Hoffmann et al., 1981].
Adsorption has been recognized as a dominant mechanism controlling the
concentration
reasonable

of most trace metals

to question

in seawater

if the membrane

dissolved trace metal during filtration.
reporting

the concentration

1986).

It is

filter can adsorb some fraction of a
There are many data in the literature

of both dissolved and particulate

seawater that depend on the use of membrane

filters.

years new and improved analytical and contamination
resulted in the measurement

(Wangersky,

trace metals in

During the past several
avoidance techniques have

of much lower concentrations

of iron in open ocean

seawater [Martin et al., 1990; Martin et al., 1989; Martin and Gordon, 1988; Martin

and Fitzwater, 1988; Landing and Bruland, 1987; Hong and Kester, 1986; Symes
and Kester, 1985; Waite et al., 1984; Anderson and Morel, 1982; Danielsson, 1980].
To date there have been no reported data on dissolved iron in seawater that have
considered the adsorption on the filters during seawater filtration.

To address this

issue and to specify the filter blank during our own studies of the adsorption of
dissolved iron onto aerosol particles

in seawater, we determined
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directly the

adsorption of dissolved iron onto membrane filters during filtration using 59Fe as
a radiotracer.
2. EXPERIMENTAL METHODS

2.1. Tracer solution
0.5 mCi iron(III) chloride with 59Fe in 0.5 M HCl solution (~100 µL) was
obtained from E. I. Du Pont de Nemours & Co. Inc. The specific activity was 12.01
mCi 59Fe/mg Fe on the assayed date (5/28/90). According to these data, the total
dissolved iron concentration, D(Fe), in the original solution was ~7.45 mmol/kg.
The original tracer solution was diluted by a factor of 200 with deionized
water.

20 µL of the original solution was added to a 7.5 mL polyethylene vial

containing 3.980 mL of Milli-Q deionized water, and 1 mL of the diluted tracer
solution was transferred to another 7.5 mL polyethylene vial as a standard tracer
solution to be used to calibrate a N al (Tl) crystal detector and to determine the
counting efficiency. The two substock working vials containing the diluted tracer
solution were capped and stored in a hood. The total dissolved iron concentration
in the diluted tracer solution (substock) was ~37.27 µmol/kg. The radioactivity of
this substock was 25 µCi/ml on the assayed date.
2.2. Preparation of simulated seawater with tracer
Surface seawater samples (pH = 8.11) were collected at 30 m depth at Station
4 (33.3°N, 139.1 °W) of the VERTEX (Vertical Transport and Exchange) cruise in
the North Pacific in May, 1988 by using Teflon-coated 30-L Go-flo bottles suspended
on nonmetallic Kevlar line. Dr. J. H. Martin's group at the Moss Landing Marine
Lab, CA, helped us collect the seawater samples.
samples were filtered

through acid-washed
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The North Pacific seawater

142-cm 0.4-µm Nuclepore

filters

mounted in Teflon sandwiches as soon as the samples were collected.

These

samples were stored frozen from the time of collection until use in this study. All
labware, experimental apparatus, and Nuclepore filter,:3were acid-washed
Seawater solutions with various concentrations of D(Fe) were prepared by
adding the diluted 59Fe tracer solution to 100 g of the seawater in 125 mL acidwashed polyethylene bottles.

The mass of seawater was weighed on a balance in a

Class 100 clean room. The dissolved iron concentration, D(Fe), in seawater before
filtration was calculated based on the added volume and the Fe concentration of
the diluted tracer solution (37.27 µmol/kg) plus the iron already present in the
seawater.

Iron in seawater

coprecipitation
concentration

was preconcentrated

by a modified

Co-APDC

[Boyle and Edmond, 1975]. The dissolved iron

technique

from the original seawater was measured

absorption spectrophotometer

by using an atomic

equipped with an HGA 500 graphite furnace. The

dissolved iron concentrations in the surface seawater of the North Pacific used in
this experiment was 0.06 ± 0.03 nmol/kg (n = 12) [Zhuang et al., 1990].
Based on experimental results Kester and Byrne [1976] estimated that the
saturated

dissolved iron(III) concentration

in seawater

is _~20 nmol/kg.

The

maximum D(Fe) designed to be used in our experiment was less than 5 nmol/kg,
so Fe(III) should not have precipitated in the seawater solutions used.
2.3. Adsorption Experiments
In this work we evaluated the adsorption capacity for dissolved iron by 0.4µm (47-mm diameter) polycarbonate

Nuclepore and 0.45-µm (HA type, 47-mm

diameter) Millipore (mixed esters of cellulose) membrane filters.
filters were acid-washed.

Each experiment was run in duplicate.

Both of the
The required

volume of the substock tracer was added to a 125 mL acid-washed polyethylene

bottle containing 100 g seawater to obtain the designed D(Fe). The bottles were
then placed in a shaker and immersed in a water bath at a temperature

of 20 ± 1°C

and shaken for 3 hours.
After shaking, the seawater solutions were then filtered through 0.4-µm
Nuclepore filters or 0.45 Millipore filters using a 250 ml polysulfone filter holder.
The filters were rinsed with 1 mL of deionized water. The filtration time was only
20-30 seconds. The Nuclepore or Millipore filters were folded and placed in a 7.5
mL polyethylene
seawater

fliptop counting vial, and two 5 mL aliquots of the filtered

were pipeted

into

two polyethylene

fliptop

counting

vials

for

determination of the radioactivity.
2.4. Corm ting of samples
For each sample the radioactivity of the filter and of two 5 mL aliquots of the
filtrate were measured by using a well type 3" x 3" Nal (Tl) crystal. The counting
time was 1 minute.

The N al detector was calibrated by using a 60co source. In

addition, aliquots of 59Fe from the subs tock solution were counted to calibrate the
N al detector and to determine the average counting efficiency for 59p e.
To measure the counting efficiency of the detector, 20 µL of the substock
tracer solution were added to a 7.5 mL polyethylene vial containing 0.980 mL of
Milli-Q deionized water. Two 20 µL aliquots of this solution were then pipeted into
two polyethylene
contained

22,200 dpm

manufacturer's
measured
background.

fliptop counting vials.

data.

counting

(disintegration

The activity in each vial should have
per minute)

calculated

from the

The counting efficiency was determined by comparing the
rate

and the calculated

The counting efficiency was ~25%.
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activity,

after

correction

for

The specific activity in each experiment was calculated from the specific
activity of the substock solution and the dissolved iron concentration

of the

seawater before filtration for each sample.
The iron contents on the filter and in the filtrate were calculated from the
counting rate and the specific activity for each sample.

The 59Fe on the filters

represents the iron adsorbed onto the filters during the filtration of seawater. The
detection limit of iron by measurement of the 59Fe activity on the filters was 0.02
ng per filter in this work.
3. RESULTS AND DISCUSSION

3.1. The precision of the experiments
The Fe concentration

data in the experiments

were determined

measurement

of the activity

of 59Fe on the filter and in the filtrate.

concentration

was calculated

from the measured

by the
The

counting rate, the specific

activity, and the counting efficiency. To determine the experimental precision of
this method,
the added iron concentration from the tracer plus the iron already
,
present

in the seawater was compared with the measured

iron concentration

(Table 1). The differences between both concentrations were less 10%. To confirm
the reported data in this work, the total dissolved iron concentration in seawater
determined by use of 59Fe before filtration was also compared with the sum of the
adsorbed iron on the filters and the dissolved iron in the filtrate after filtration
(Table 2). The adsorbed iron on the filters and the dissolved iron in the filtrate
were also measured

using 59Fe.

The data agreed well within the analytical

uncertainty (less than 10%).
3.2. Adsorption onto Nuclepore membrane filters
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Table 3 presents the quantity of adsorbed iron and the percentage of the total
iron observed on Nuclepore membrane filters as a function of the total dissolved
iron concentration

in seawater (less than 5 nmol/kg).

The results indicate that

under conditions similar to that found in the open ocean (D(Fe) < 1 nmol/kg), ~1020% of the dissolved iron can be adsorbed onto Nuclepore filters in 20 seconds of
filtration of 100 g of seawater.

In several cases, the adsorbed percentage reached

~25%. If D(Fe) were more than 1 nmol/kg but less than 5 nmol/kg, the Nuclepore
filter still adsorbed 5-10% of the dissolved iron during the filtration.

Since the

surface properties of each filter were not identical, the adsorbed iron quantities
fluctuated within a range of 5-26%. Figure 1 illustrates that the adsorbed iron was
approximately proportional to the dissolved iron at D(Fe) < 1 nmol/kg. However, at
D(Fe) > 1 nmol/kg the adsorbed iron gradually reached a saturated

adsorbed

capacity of ~15-25 pmol/filter. The relationship between the adsorbed iron quantity
on Nuclepore

filters and the dissolved iron in seawater was similar to that

expected using the Langmuir adsorption isotherm, which is also shown in Figure
1.

3.3. Adsorption onto Millipore membrane filters
Table 4 presents the quantity of adsorbed iron and the percentage of the total
iron observed on Millipore membrane filters as a function of the total dissolved
iron concentration

in seawater (less than 5 nmol/kg).

The results indicate that

Millipore filters have a much higher adsorption capability than Nuclepore filters
under the same conditions. At D(Fe) < 5 nmol/kg, ~50% of the dissolved iron can
be adsorbed onto Millipore filters in 20 seconds of filtration of 100 g of seawater. In
several cases, the adsorbed percentage

can reach over 70%. If D(Fe) was more

than 1 nmol/kg but less than 5 nmol/kg, the Millipore filter can still adsorb 34-48%
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of the dissolved iron during filtration.

Since Millipore filters are made of mixed

esters of cellulose. they may have much greater surface areas than Nuclepore
filters. and thus may have higher adsorption capacity.
surface properties

of each filter results

Perhaps difference in the

in the adsorbed iron quantities

that

fluctuated between 34-73%. Figure 2 illustrates that the adsorbed iron quantity on
Millipore filters was directly proportional
nmol/kg. However. at D(Fe)

=

to the dissolved iron at D(Fe) < 5

~ 5 nmol/kg the adsorbed iron quantity on Millipore

filters was up to ~0.16 nmol/filter (47-mm diameter) and it has still not reached the
saturated adsorbed capacity for Fe.
3.4. The quantity of adsorbed iron as a frmction of the amor.mt of water filtered

All the results above concerning the adsorption of iron on the filters during
filtration were based on a specific experimental condition. i. e. 100 g of seawater
passed through a 47-mm diameter filter.

Figure 3 illustrates

the relationship

between the quantity of adsorbed iron and the amount of seawater filtered.

At

D(Fe) equal to ~0.5 nmol/kg and the amount of seawater filtered less than 250 mL.
the quantities of the adsorbed iron on the 47-mm diameter 0.4-µm Nuclepore filter
were approximately proportional to the amount of seawater filtered. The quantity
of the adsorbed iron was 15 pmol when the amount of seawater filtered was 250
mL. However. as mentioned in the previous section. the saturated adsorbed iron
on the 47-mm diameter Nuclepore filter was ~15-25 pmol. If this filter was used to
filter more than 250 mL seawater. the quantity of adsorbed iron should be limited
by this saturated amount. Usually. 142-mm diameter Nuclepore filters have been
used to filter seawater in recently reported studies of dissolved iron [Landing and
Bruland,

1987; Martin

and Gordon, 1988; Martin

et al., 1990]. Assmning the

surface properties of the 142-mm diameter Nuclepore filters are the same as that
of the 47-mm diameter Nuclepore filter. the saturated adsorbed iron on the 142-

271

mm diameter Nuclepore filter should be ~9.2 times greater than that of the 47-mm
diameter Nuclepore filter, i.e. ~0.14-0.23 nmol. If the dissolved iron concentration
in seawater of the open ocean is ~0.1 nmol/kg as reported by Martin and Gordon
[1988] and Martin et al. [1990], a filter would not reach the saturated

adsorbed

capacity unless it was used to filter at least 1.4 kg of the seawater. If the dissolved
iron concentration were ~0.5 nmol/kg, then the filter would become saturated after
~0.3 kg of water is filtered.
The dissolved iron concentrations in the surface seawater of the open ocean
have been reported within a very low range of< 0.1-0.5 nmol/kg (Table 5). All these
data were observed by using filtration techniques with 0.4-µm Nuclepore filters. If
filters were changed before they reached the saturated adsorbed capacity (or the
seawater samples that was used to determine D(Fe) were taken from the first part
of the filtration before the filter reached its saturated adsorbed capacity), the filters
would obviously adsorb a significant fraction of the total dissolved iron in the
surface seawater during filtration.

If this is the case, the filter adsorption 'blank'

during filtration should be determined, or, at least, the seawater sample that was
used to determine D(Fe) must be taken from the part of the filtration that took place
after the filter reached its saturated adsorbed capacity. The interference from the
blank filter adsorption is largely dependent on the amount of the water that is
filtered.

Generally speaking, filter adsorption would have not a significant affect

on the determination

of dissolved iron if the water that was used for analysis was

taken from a sample that was filtered after at least 0.5 kg of seawater had already
been filtered using a 47-mm 0.4-µm Nuclepore filter. However, it is evident that
Millipore filters may cause significant problems if used for the filtration of the
open ocean seawater that will be used for determination
Millipore filters have such high iron adsorption capacity.
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of dissolved iron, since

CONCLUSIONS

We found that potentially

significant

quantities

of dissolved

iron in

seawater can be adsorbed by Nuclepore, and especially by Millipore, filters during
filtration.

The quantity of dissolved iron adsorbed apparently

surface properties of the filters and the concentration

depends on the

of dissolved iron. In 20-30

seconds of filtration of 100 g of seawater, 0.4-µm porosity Nuclepore filters (47 mmdiameter) adsorbed 10-20% of the dissolved iron in the seawater when dissolved
iron concentrations

were less than 1 nmol/kg. 0.45-µm Millipore filters adsorbed

35-73% of the dissolved iron under the same conditions. We suggest that the filter
adsorption

'blank' during filtration must be considered when determining

the

dissolved iron concentration following filtration.
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TABLE 1. A comparison of the added D(Fe) with measured D(Fe) by using 59Fe
Tracer Volume•
(µL)
2
5
10
20

Added Fe
(nmol/kg)

Seawater D(Fe)
(nmol/kg)

0.74
1.86
3.72
7.45

0.06
0.06
0.06
0.06

Calculated total D(Fe)••
(nmol/kg)
0.80
1.9
3.8
7.5

Measured D(Fe)
(nmol/kg)
0.84±0.08
1.8±0.15
3.6±0.34
7.8±0.67

• The dissolved iron concentration in the tracer solution was 2.08 ng/µL (-37.3 µmol/kg) and the mass of
seawater used in each set of this experiment was 100 g.
•• The calculated dissolved iron, D(Fe), is the added iron from the tracer solution plus the iron already present in
the seawater (0.06 ± 0.03; n =12) in nanomoles per kilogram.
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TABLE 2. A comparison of total iron, T(Fe), measured before and after
filtration with Nuclepore filters
After filtration

Before filtration
T(Fe)*
(pmol)
8.1±0.3
9.0±0.3
28±0.5
32±0.5
39±0.6
51±0.6
73±0. 7
94±1.1

A(Fe)*
(pmol)

D(Fe)*
(pmol)

A(Fe)+D(Fe)*
(pmol)

1.1±0.02
1.4±0.02
4.5±0.05
5.0±0.05
6.3±0.06
7.5±0.07
13±0.09
22±0.18

5.7±0.3
8.6±0.4
24±0.5
30±0.5
30±0.5
39±0.6
56±0.7
80±0.9

6.8±0.3
10±0.4
29±0.6
35±0.6
36±0.6
47±0.7
69±0.8
102±1.1

* T(Fe): Total dissolved iron in solution before filtration; A(Fe): Adsorbed
iron on the filters after filtration; D(Fe): Dissolved iron in the filtrate after
filtration. The deviation was calculated from the mean of the square roots
of three counting numbers for each sample.
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TABLE 3. The adsorbed iron on Nuclepore filters vs. the total iron in
seawater
T(Fe)
(nmol/kg)
0.14
0.15
0.17
0.36
0.41
0.45
0.52
0.53
0.58
0.72
0.8
1.9
2.1
3.1
4.3
5.0

A(Fe)
(pmol)

D(Fe)
(pmol)

1.3±0.02
1.8±0.03
2.9±0.04
4.4±0.05
5.0±0.06
6.2±0.06
7.6±0.07
6.1±0.06
9.2±0.08
18±0.1
11±0.1
10±0.1
11±0.1
13±0.1
23±0.2
23±0.2

7.2±0.3
8.0±0.3
9.0±0.3
23±0.4
28±0.5
32±0.5
39±0.5
36±0.5
40±0.6
51±0.6
53±0.6
38±0.5
200±1.8
140±1.2
190±1.7
230±1.9

A(Fe)/(A(Fe)+D(Fe))
(%)

15
18
24
16
15
16
16
14
19
26
17
21
5
9
11
9

"' T(Fe): Total dissolved iron in solution before filtration and the volume of
the solution used for the experiment varied for different sample; A(Fe):
Adsorbed iron on the filters after filtration; D(Fe): Dissolved iron in the
filtrate after filtration. The deviation was calculated from the mean of the
square roots of three counting numbers for each sample.
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TABLE 4 The adsorbed iron on Millipore filters vs. the total iron in the
seawater
T(Fet
(nmol/kg)
0.21
0.33
0.38
0.41
0.53
0.59
0.64
0.78
0.92
1.3
2.3
3.7
4.2
4.7

A(Fe)*
(pmol)

D(Fe)*
(pmol)
5. 7±0.3
12±0.4
19±0.4
19±0.4
29±0.5
25±0.5
28±0.5
35±0.5
45±0.6
66±0.7
134±1.3
202±2.0
242±2.3
306±2.9

16±0.2
22±0.3
19±0.2
23±0.3
24±0.3
34±0.4
37±0.5
43±0.5
47±0.5
61±0.6
97±1.0
165±1.5
173±1.6
159±1.5

A(Fe)/(A(Fe)+ D(Fe))
(%)
73

65
50
55
45
57
57

55
51

48
42
46
43
35

* T(Fe): Total dissolved iron in solution before filtration and the volume of
the solution used for the experiment varied for different sample; A(Fe):
Adsorbed iron on the filters after filtration; D(Fe): Dissolved iron in the
filtrate after filtration. The deviation was calculated from the mean of the
square roots of three counting numbers for each sample.
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TABLE 5. The dissolved and particulate iron concentration in the open ocean
Ocean
(Sample location)
South Pacific
(19°59.8'S, 155°59.3'W)
Northeast Pacific
(33.3°N, 139.0 W)
Northwest Atlantic 0
(39°10.8'N, 68°58.3'W)
Antarctic
(60°46'S, 63°26'W)

Depth
(m)

D(Fe)
(nmol/kg)

P(Fe)
(nmol/kg)

Reference

30

0.56

0.114

50

0.06

0.18

Martin and Gordon, 1988

28

0.50

0.70

Symes and Kester, 1985

30

0.16

No data
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Landing and Bruland, 1987

Martin et al., 1990

Figure 1. Adsorbed iron on Nuclepore filters vs. the dissolved iron
concentration

during filtration.
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Figure 2. Adsorbed iron on Millipore filters vs. the dissolved iron
concentration

during filtration.
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Figure 3. The quantity of adsorbed iron as a function of the amount of water
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APPENDIX B

Determination of Fe(II) in the Atmosphere and Ocean by High
Performance Liquid Chromatography

This is not primarily my work. The principal author of this work is
Zhen Yi. This work was done with my assistance, under the guidance of
Dr. P. R. Brown in the Chemistry Department, University of Rhode Island.
This paper will be submitted for publication in Analytical Chemistry.
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ABSTRACT
A reversed-phase
developed

to determine

high performance
concentrations

liquid chromatography

of iron(II) in Chinese loess, aerosols,

rainwater and seawater. A detection limit of 0.1 nM was obtained.
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method was

INTRODUCTION
The determination
atmospheric

of Fe(II) is of considerable interest in research in both

chemistry and oceanography.

iron, a micronutrient

required

primary

biological

latitude

and equatorial

and phosphate)

productivity

It has recently been suggested that

by organisms,

may be the limiting

in some open ocean regions,

factor for

including

upwelling regions, where other major nutrients

high

(nitrate

are abundant [Martin and Gordon, 1988; Martin and Fitzwater,

1988; Martin et al., 1989; Martin et al., 1990]. In clouds, fog, and rainwater the
photoreduction

of Fe(III) to Fe(II) has also been proposed as a major source of

aqueous hydroxyl radical (OH·) [Graedel et al., 1985; Weschler et al., 1986; Faust

and Hoigne, 1990], which is a key radical in atmospheric

photochemistry

and

plays a central role in the atmosphere in the oxidation of many tropospheric trace
gases [Davis et al., 1984] and species in solution in atmospheric waters.
Although there are a number of papers that deal with the total iron in the
ocean and in atmosphere,

only a few have reported

the concentration

of Fe(II)

[Behra and Sigg, 1990; Landing and WesterJ-cmd, 1988; Hong and Kester, 1985,
1986; Waite and Morel, 1984].

In investigations

of Fe(II) in the ocean and

atmosphere the detection limit has been a major obstacle in the analytical methods
used.

The total dissolved iron concentration

in the open ocean is generally less

than 1 nmol/kg [Martin et al., 1990; Martin et al., 1989; Martin and Gordon, 1988;

Landing and Bruland, 1987; Symes and Kester, 1985]. Thus, methods for the
determination
limits.

of Fe(II) in samples from the open ocean require very low detection

Waite and Morel [1984] reported

a controlled

potential

coulometric

procedure combined with a masking technique to determine the Fe(II) in seawater
at the nanomol level. A colorimetric method using ferrozine (FZ) (3-(2-pyridyl)-5,6-
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bis( 4-phenylsulphonic acid)-1,2,4-triazine) (Figure 1) has been used for measuring
Fe(II) since 1970 [Stooky, 1970; Gibbs, 1976, 1979; Boyle et al., 1977; Hong and
Kester,

1985, 1986]. The colorimetric reagent FZ forms a stable complex ion,

[Fe(FZ)3]2+, with Fe(II) in a pH range of 4 to 10 but not Fe(III).
detection

limits

measurement
colorimetric

of these

reported

methods

However, the

are not satisfactory

for the

of Fe(II) in the open ocean. Recently King et al. [1990] reported a
methods for the determination

Fe(II) in seawater at the nanomol

level using FZ immobilized on a C-18 Sep-Pak. This method is only marginally
satisfactory for the measurement
significant

absorbance

of Fe(II) at the less than 1 nmol level. FZ has a

at the wavelength

that was used for determination

of

Fe(II). In previous methods in which FZ was used as a reagent, the excess FZ in
the reaction mixture was not separated from the [Fe(FZ)3]2+ complex ions that
were formed, and the absorbance from the FZ itself and from other constituents in
the samples (e.g., seawater) was measured by a blank determination.
impossible to determine

the concentration

of FZ that is not complexed in the

unknown sample solutions, the excess FZ can cause considerable
system with very low Fe(II) concentrations.
reported

for the measurement

of Fe(II)

samples by derivatizating

using

high performance

liquid

of Fe(II) in

the Fe(II) with ferrozine and isolating

the Fe(II)-FZ complex by reversed-phase HPLC.
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error in a

To date there has been no method

chromatography (HPLC). Here, we report a method for measurement
environmental

Since it is

EXPERIMENTAL METHOD
Apparatus:

A Perkin-Elmer

Series 3B liquid chromatograph

(Perkin-

Elmer Corp., N mwalk, CT, USA) was used. Detection was performed by means of
a Perkin-Elmer

LC-95 UV/Visible spectrophotometer

detector.

Injections were

made via a Waters Model U6K injector (Waters Chromatography

Division of

Millipore Corp., Milford, MA, USA). Peak heights were recorded with a strip
chart Omniscribe recorder (Houston Instruments,

Austin, TX, USA). Peak areas

were electronically integrated with a Hewlett-Packard
Column:

3390A reporting integrator.

All analyses were performed on a 250 x 4.6 mm, 5 µm Supelco

LC-18 column (Supelco Inc., Bellefonte, PA, USA).
Chemicals

and Supplies:

ammonium sulfate hexahydrate

The chromatographic
(Fe(NH4)2(SO4)2·6H2O)

standard

obtained from Sigma

Chemical Company (St. Louis, MO, USA). The monosodium
sodium dodecyl sulfate (SDS), and tetrabutylammonium

was ferrous

salt of ferrozine,

phosphate

(TBA) were

also obtained from Sigma. Sodium chloride (99.999%) was obtained from Aldrich
Chemical Co. (Milwaukee, WI, USA). Sep-Pak C18 cartridges were obtained from
Waters.

Methanol was purchased from Fisher Scientific (Fair Lawn, NJ, USA).

Mobile phases were prepared with doubly distilled deionized water (DDH2O).
DDH2O and methanol were filtered through a 0.45 µm Nylon 66 membrane filter
(Alltech Associates Inc., Deerfield, IL, USA). All standard and sample solutions
were stored in Teflon vials.
Chromatographic
solution containing
Methanol.

Conditions:

The mobile phase was 400 mL of an aqueous

0.0500 g SDS, 0.5000 g NaCl, 0.0100 g TBA and 100 mL

A flow rate of 1.0 mL/min was used. The temperature
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was 20±1°C.

Sample Preparation:

The sample and standard preparation was performed

in Class 100 clean laboratories at the University of Rhode Island, Kingston.
I. Standand solutions: 0.0392 g Fe(NH4)2(SO4)2·6H2O was dissolved in 100 mL
DDH2O and the concentration

of Fe2+ was 10-3 M. 0.100 mL 10-3 M Fe2+ was

immediately added to 0.400 mL 10-3 M FZ and diluted to 10 mL. The concentration
of [Fe(FZ)3]2+ was 10-5 M. The 10-5 M [Fe(FZ)3]2+ stardand solution was then
diluted with DDH2O to 5 x 10-6 M, 10-6 M, 5 x 10-7 M, 10-7 M, 5 x 10-8 M, 10-8 M, 5 x
10-9 M, and 10-9 M.
II. Aerosol samples:

A 2 cm2 or 4 cm2 aliquot of an aerosol sample filter was

leached in 0.2 mL doubly distilled hydrochloric acid (DDHCI) and 2.0 mL DDH2O
for at least 3 hours. After the sample was filtered through a 0.4-µm Nuclepore
filter, 25% NH3 was added to the filtrate to a_Q.justthe pH to the range of 4-6; 0.1-0.2
mL of a 10-3 M solution of FZ was then added to the sample.
III. Chinese loess: Chinese loess was the major source of the mineral aerosols
over the North Pacific (see Chapter 3). To determine the relationship of Fe(II) in
mineral aerosols and its source, the Fe(II) in Chinese loess was also measured.

A

1.0 mg or 2.0 mg sample was leached in 0.2 mL HCl and 2.0 mL DDH2O for at least
3 hours. The sample was then treated the same as the aerosol sample.
IV.

Rain and Seawater:

The samples were prepared

cartridge solid phase extraction procedure.
•from Narragansett,

C18

Rainwater samples were collected

a coastal area of Rhode Island.

collected from Narragansett

using a Sep-Pak

Seawater

samples were

Bay, RI. As soon as the sample was collected, it was

filtered with a 0.4-µm Nuclepore filter and then acidified to a pH of 1-2 with doubledistilled

HCI.

After each Sep-Pak cartridge

292

had been cleaned with 10 mL

methanol and 10 mL DDH2O, 2 mL 10-3 M FZ was passed through the Sep-Pak.
The pH of the acidified samples of rainwater or seawater were adjusted to a range
of 4-6 by adding 25% NH3 solution, and the rainwater or seawater (100-500 mL)
were then added to the Sep-Pak cartridge at a rate of 10 mL/min.

5 mL DDH2O

was used to rinse the Sep-Pak. The complex[Fe(FZ)3]2+ and FZ were eluted with 1
mL of methanol.

4 mL DD HzO was added to the eluent in order to make the ratio

of methanol to water in the eluent the same as that in the mobile phases, and this
eluent was used for injection in the HPLC system.
V. Blank samples: A blank Whatman 41 filter for aerosol samples was used as a
blank sample for aerosols and DDH2O was used as a blank sample for rain and
seawater.

The procedures for blank sample preparation were the same as those

described in sections II and IV.
Sample recovery: The recovery of Fe(II) from the Sep-Pak was determined
by addition of known amounts of Fe(II) standards to sample matrixes of rainwater
or deionized water. The complex ion, [Fe(FZ)3]2+, was extracted using the sample
preparation procedure described in section IV.
Detection

limit:

To determine

the detection limit a 10-10 M standard

[Fe(FZ)3]2+ solution was prepared by the dilution of 1 mL 5 x 10-8 M [Fe(FZ)3]2+
standard solution to 500 mL with DDHzO. After 1 mL 10-3 M FZ passed through a
Sep-Pak and the 500 mL 10-10 M [Fe(FZ)3]2+ then passed through theSep-Pak
prepared with FZ. The Sep-Pak was rinsed with 5 mL H2O. The [Fe(FZ)3]2+
adsorbed on the Sep-Pak was eluted with 1 mL methanol.

The methanol in the

eluent was evaporated with helium gas to ~0.2 mL and DDH2O was added to 1 mL.
50 µL of the sample was then injected into the HPLC system.
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Peak identification:
retention

Identification

of the peaks of interest was based on

time, co-injection of standards with the samples, and determination

the ratios of peak area at various wavelenths of 254,270,290,310,330,350,450,

of
546,

and 562 nm to the peak area at 230 nm.
Interferences:
tested.

Interferences

from Fe(III), Ni(II), Co(II), and Cu(I) were

10-5 M Fe(III), Ni(II), Co(II) and Cu(I) solutions were prepared

· Ni, and Co standards (NBS) and CuBr, respectively.

from Fe,

0.1 mL 10-3 M FZ was added

to 5 mL 10-5 M Fe(III), Ni(II), Co(II) and Cu(I), respectively.

The pH of the Fe(III)

solution was ~4.0 and the pH of the Ni(II), Co(II) and Cu(I) solutions was 5.5.
Since Cu(I) is light- and air- sensitive,

the Cu(I) solution was wrapped with

aluminum foil, and FZ was added into 10-5 M Cu(I) solution immediately

after

CuBr was dissolved in DDH2O.
RESULTS AND DISCUSSION
The peaks of [Fe(FZ)3]2+ and FZ were baseline resolved (Figure 2). The
retention

time, peak area, and peak shapes were reproducible on ten samples of

10-7 M standard

solution (Table 1). There was a good linear response in the

concentration range of 10-5 M to 10-8 M (Figure 3, regression coefficient = 0.997).
The detection limit was 10-10 M by using Sep-Pak C18 solid phase extraction
cartridges (Figure 4). When the Sep- Pak extraction procedures were not used, the
detection limit was decreased to 10-8 M at 254 nm, and the mass detection limit
was 0.028 ng (Figure 5). Even though the wavelength 562 nm has been reported as
the best wavelength for analyzing [Fe(FZ)3]2+ [King et al. 1990]), there was less
baseline noise at 254 nm (Figure 6). In addition, the peak areas at 230, 310, 290,
330, and 254 nm are higher than that at 562 nm (Table 2). Therefore, detection
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limits were lower at the wavelengths 230, 310, 254 nm than at 562 nm. Since some
models of the UV/visible detectors can only be used at one wavelength (usually at
254 nm), the wavelenth of 254 nm was chosen in this work.
The important

advantage of this method is the separation of the formed

[Fe(FZ)3]2+ complex from the excess ferrozine and other constituents.

Since the

ferrozine peaks which can be seen at 254 nm and 562 nm (Figure 7) were not
separated

from the formed [Fe(FZ)3]2+ complex in previous methods,

the

absorbance from the excess FZ, as measured in a blank of FZ, was subtracted from
the total

absorbance

of the sample.

In a system

with very low Fe(II)

concentrations,

this calculation

could cause considerable

error in the Fe(II)

concentrations.

For examlpe, a 5 x 10-6 M Fe(II) standard with 2 x 10-5 M FZ

solution were measured at 562 nm in this work. The excess FZ concentration is 5
x 10-6 M. The ratio of the peak area of[Fe(FZ)3]2+ to the peak area of FZ was ~10.
As reported in measuring Fe(II) in seawater by using C1s Sep-Pak [King et al.,
1990], the concentration of FZ used in the Sep-Pak was ~ 10-3 M and the measured
Fe(II) concentration was only~ 4 nM. In this case the absorbance from the excess
FZ was much greater than that of Fe(II). Obviously, the calculation of Fe(II) by
subtracting

the FZ "blank" from the total absorbance will cause considerable

error. Fortunately, ,vi.th our HPLC method, [Fe(FZ)3]2+ was completely separated
from FZ and other constituents

in the measured

samples and there was no

interference with the peak of FZ. In blank samples for Chinese loess, aerosol, rain
and seawater [Fe(FZ)3]2+ was undetectable.
It was reported that Cu(I), Co(II), and Ni(II) are the only metals other than
Fe which form colored complexes with FZ [Stookey, 1970, Bet-Pera and Jaselakis,
1981]. When 0.1 mL 10-3 M FZ was added to 5 mL 10-5 M Ni(II), Co(II) and Cu(I)
free ion solutions,

the N i(II), Co(II), and Cu(I) ferrozine
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complexes

were

chromatographed, they were not detectable 2 hours after the addition of FZ. It was
also found that the reduction of Fe(III) by FZ to Fe(II) was undetectable

up to 2

hours after addition of FZ if the Fe(III) concentration was less tham 2 µM. Only
0.1 % of 18 µM Fe(III) was reduced by FZ to Fe(II) 2 hours after addition of FZ.
Since all the samples were analyzed within 30 minutes of addition of FZ, there
would be no error caused by reduction of Fe(III) to Fe(II). Similarly, the presence
of Ni(II), Co(II) and Cu(I) did not cause any errors in the Fe(II) concentrations

in

any of the samples.
Peak identification

of [Fe(FZ)3]2+ was carried out by retention

addition of known amount of standard,

time,

and by comparing the peak ratios at

various wavelengths [Krstulovic et. al., 1976]. The ratios of peak area at various
wavelenths

to peak area at 230 nm for a standard

solution and for a sample

solution (sample ID: EN 162) are shown in Table 2. The [Fe(FZ)3]2+ peak was
identified

when the ratios for the standard

solution and for the sample were

identical or very similar. These results further identified the [Fe(FZ)3]2+ peak in
the HPLC spectrum, and the results indicate that there was little or no absorption
due to other
compounds.

substances

in the aerosol samples,

such as possible

organic

It would be unlikely that the organic compounds would have the

same absorbance at so many different wavelengths.
Chromatograms
in Figures

for Chinese loess, aerosol, rain and seawater are shmNn

8, 9, 10, and 11.

The results

of the determination

concentrations

in some environmental

samples are presented

concentration

of Fe(II) in a rain sample collected

of Fe(II)

in Table 3. The

from Narragansett,

RI on

December 8, 1990 was 68±6 nM (~30% of the total Fe, Fe(II) + Fe(III), 230±25 nM, in
this sample).

Fe(II) in a seawater sample collected from Narragansett

Bay, RI at

1500 on March 6, 1991 was 29±3 nM (~40% of the total Fe, 72±7 nM, in this sample).
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Fe(II) in an aerosol sample collected from Enewetak, a remote island in the North
Pacific, from April 30 to May 5, 1986 was 6. 7±0.6 ng/m3 ( ~25% of the total Fe, 27±3
ng/m 3, in this sample).

Fe(II) in a Chinese loess sample collected

from the

central area of China was only ~0.015% (w/w) (~0.4±0.3% of the total Fe), in this
sample).

To determine if any Fe(II) was produced due to the reduction of Fe(III)

by FZ or other substances

during the analyses, a standard Fe(III) solution was

added to several blank Whatman 41 filters (~1 µmol/cm2filter, ~5-400 times higher
than that in the measured

aerosol samples).

These filters were measured

for

Fe(II) by the same procedures used for measuring Fe(II) in the aerosol samples 7,
14, 35, and 91 days after addition of Fe(III).

In all of these cases there was no

detectable Fe(II) (i.e. Fe(II) < 0.028 ng).
The recovery of 10-8-10-10 M [Fe(FZ)3]2+ by preconcentration With Sep-Pak
C18 cartridge was in a range of 92%-99% (Table 4).
CONCLUSIONS
A reversed-phase

high performance liquid chromatography

a UV/Visible

spectrophotometer

concentrations

of iron(II) in aerosols, rainwater

limit

detector

was 10-10 M by using Sep-Pak

was developed
and seawater.

C18 cartridges.

analysis using
to determine
The detection

It was found that

chromatograms at 254 nm had less baseline noise and higher peak area than that
at 562 nm. Therefore, a better detection limit could be obtained by using 254 nm
instead of 562 nm.

There was no interference

from Fe(III), Ni(II), Co(II) and

Cu(I) if the samples were analyzed within 30 minutes

after the addition

of

ferrozine. Only 0.1% of 18 µM Fe(III) was reduced by FZ to Fe(II) 2 hours after the
addition of FZ. The recovery of 10-8_10-10 M [Fe(FZ)3]2+ by preconcentration with
Sep-Pak C18 cartridge was in the range of 92%-99%.
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TABLE 1. Reproducibility of Data*.
Retention Time (min)

Average
SD
RSD (%)

Peak Area

4.98
5.01
4.98
4.99
5.03
5.06
5.06
5.02
5.05
4.99

57923
60144
62907
58090
56747
53980
59118
61652
57345
59654

5.02
0.03
0.6

58756
2549
4.3

* Based on 50µ1injections of l0-7 M [Fe(FZ)s]2+
standard solution (n
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= 10).

TABLE 2. Peak area ratios (R = Axnm/A230 nm) for a standard solution and
a sample solution at various wavelengths.
Standard Solution*

Wavelenth
(nm)
230
254
270
290
310
330
350
450
546
562

Area

Ratio

9227400
4641900
4581300
6741300
6993200
5074900
3323400
1016800
2218300
2881300

0.50
0.50
0.73
0.76
0.55
0.36
0.11
0.24
0.31

* Standard
** Sample:

Sample Solution**

Area

7080300
3581100
3574400
5343100
5462900
3940100
2592500
862340
1809200
2341500

Ratio

0.51
0.50
0.75
0.77
0.56
0.37
0.12
0.26
0.33

solution: 50µ1 5 x l0-6 M [Fe(FZ)s]2+.
50µ1 areosol sample solution from an aerosol sample collected at
Enewetak, a island in the North Pacific (sample ID EN162)
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TABLE 3. Fe(II) concentrations

in Chinese loess, aerosol, rainwater
seawater.

and

Concentration

Sample
Fe(II)

T(Fe)"' Fe(Il)/T(Fe)

(%)
Chinese loess
Aerosol (EN 161)
Rain (12/8/1990, from Narr., RI)
Seawater (3/6/91, from Narr. Bay)
"'T(Fe): The total Fe concentration

~0.015% (w/w) ~3% (w/w)
6. 7±0.6 ng/m3 27±3 ng/m3
230±25 nM
68±6 nM
72±7 nM
29±3 nM

(Fe(II) + Fe(III)) in the sample.
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0.4±0.3
~25
~30
~40

TABLE 4 The Recovery Efficiency of Fe(II) Measured by Preconcentration
With Sep-Pak C18 cartridge
Added Cone.
(nM)

Measured
(nM)

10
5

10.6
6.0

1

2.12
0.099

0.1

Cone.,

Recovery Cone.
(nM)
9.4*
4.8*

0.92*
0.099**

Recovery
(%)
94

96
92
99

*The recovery was determined by addition of known amounts of Fe(II)
standards to a rainwater sample. The recovery Fe(II) concentration is the
measured Fe(II) concentration minus the Fe(II) in the rainwater sample
(1.2±0.4 nM; n = 4)
**The recovery was determined by addition of 0.1 nM of Fe(II) standards to
deionized water. The Fe(II) in deionized water is undetectable,
and the
recovery Fe(II) concentration is the measured Fe(II) concentration.

304

Figure 1. The structure

of ferozine (FZ) (Disodium salt of 3-(2-pyridyl)-5,6-

bis( 4-phenylsulphonic

acid)-1,2,4-triazine)
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Figure 2.
solution.

A chromatogram
Chromatographic

Method section.

of 20 µL 5 x l0-6 M [Fe(FZ)s]2+
conditions

are described

UV/VIS detector: 254 nm; Sensitivity:

Unit Full Scale); Response time: 500 msec.
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Figure 3.

Standard

sample preparation
Experimental

curve of Fe(II) measurement
and chromatographic

Method section.

by HPLC.

Standard

conditions are described in the

UVNIS detector: 254 nm; Response time:

500 msec.
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Figure 4. The detection limit when the Sep-Pak C1s solid phase extraction
cartridges

were used.

A 10-10 M standard

[Fe(FZ)3] 2 + solution

was

prepared by the dilution of 1 mL 5 x 10-8 M [Fe(FZ)3] 2+ standard solution to
500 mL with DDH2O.

[Fe(FZ)3] 2+ solution preconcentrated
solution.

Sample

of 50 µL of 5 x 10-8 M

This is a chromatogram

preparation

described in the Experimental

from the 10-10 M standard [Fe(FZ)3] 2 +
and chromatographic

Method section.

are

UVNIS detector: 254 nm;

Sensitivity: 0.005 AUFS; Response time: 500 msec.
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Figure 5. The detection limit when the Sep-Pak extraction procedures was
not used. A chromatogram of 50 µL l0-8 M [Fe(FZ)3]2+ standard
Sample preparation
Experimental

and chromatographic

solution.

conditions are described in the

Method section. UVNIS detector: 254 nm; Sensitivity: 0.001

AUFS; Response time: 500 msec.
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Figure 6. A comparison of chromatogram baseline noise at 254 nm and 562
nm. No sample were injected.

UVNIS detector: upper 254 nm, lower 562

nm; Sensitivity: 0.005 AUFS; Response time: 100 msec.
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Figure 7. A chromatogram of 50 µl solution of a blank Whatman 41 filter
used for collection of atmospheric
and chromatographic
section.

aerosol samples.

Sample preparation

conditions as described in the Experimental

Method

UVNIS detector: upper 254 nm, lower 562 nm; Sensitivity: 0.05

AUFS; Response time: 500 msec.
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Figure 8 A chromatogram of 50 µl sample solution of 2 mg Chinese loess.
Sample preparation
Experimental

and chromatographic

conditions are described in the

Method section. UVNIS detector: 254 nm; Sensitivity: 0.05

AUFS.; Response time: 500 msec.

319

1-.

fl

I\
Il

+

l\

C".)
",,......_

Il

! !

N

I:

N

I II
\I

~
'-'

<l)

~
L-J

(1)

0
C:

I

cu

.0

\~

I

"-

1

0

I

(/J

I

.a

~

0

u
5

15

10

Time

(minute·s)
320

2D

25

Figure 9. A chromatogram of 50 µl sample solution of 2 cm2 of an aerosol
Whatman

41 filter

chromatographic

sample

conditions

(EN

161).

Sample

preparation

are described in the Experimental

and
Method

section. UVNIS detector: 254 nm; Sensitivity: 0.05 AUFS; Response time:
500 msec.
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Figure 10. A chromatogram of 50 µL sample solution of rainwater collected
from Narragansett,

Rhode Island, USA (sampling date 12/8/1990). Sample

preparation

and

chromatographic

Experimental

Method section. Fe(II) in rainwater was preconcentrated

conditions

are

described

in the
50

times with C-18 Sep-Pak. UVNIS detector: 254 nm; Sensitivity: 0.02 AUFS;
Response time: 500 msec.
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Figure 11. A chromatogram of 50 µl sample solution of seawater collected
from Narragansett
Sample preparation
Experimental

Bay, Rhode Island, USA (sampling date 3/6/1991, 1500).
and chromatographic

conditions are described in the

Method section. Fe(II) in seawater was preconcentrated

times with C-18 Sep-Pak.

UVNIS detector: 254 nm; Sensitivity:

AUFS; Response time: 500 msec.
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APPENDIX C
The accuracy and precision of the experimental data: Determination of the blind
samples
To determine the accuracy and precision of the experimental data, a set of
blind aquatic samples and a set of blind aerosol samples from my major professor,
Dr. Robert A. Duce, were analyzed to determine the Fe concentrations

by using

atomic absorption spectrophotometry (AA) with my experimental procedures.

The

results were reported to Dr. Duce and were compared with those either reported by
others or from NBS standards.

The aqueous samples were dilutions of NBS SRM

3171. The aerosol samples had been collected over the South Pacific Ocean and
had previously been analyzed by atomic absorption spectrophotometry and neutron
activation analysis for iron by other analysts in Dr. Duce's group.

Table 1 is a

comparison of my results with those from other analysts.
The agreement is excellent with the exception of filter AA, which was 40%
below the previous analyses.

If the presumed contaminated analyses of filter AA

were the only analysis, the resulting iron concentration

was 3.8±0.4 µg/filter

compared with the AA and NAA value of 3.6±0.2 µg/filter.

Dr. Duce pointed out

that this could mean there was an uneven distribution of the mineral aerosol on
the filter paper or there was some problem with the aerosol material
distributed evenly when the folded filter was opened.
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TABLE 1. A comparison of the Fe concentrations of the blind samples determined
by Zhuang with those by others
Sample Id

Fe Concentration
(Zhuang)

Aqueous Samples*
(ppb)
A
B
C
D
E
F

Undetectable
99±2
27±2
2.0±0.2
5.2±0.3
33±2

Aerosol Samples**
(µg/filter)
AA
(Contaminated

m
cc

2.04±0.35
3.8±0.4
855±110
3.4±0.3

sample)

Fe Concentration
(Other Analyses)
(ppb)
Undetectable (H2O blank)
100 ± 10 (NBS)
27±3(NBS)
1.7 ± 0.2 (NBS)
6.0 ± 0.6 (NBS)
33±3(NBS)

(µg/filter)
3.6 ± 0.2 (AA + NAA)
780 ± 40 (NAA)
3.7 ± 0.3 (AA+ NAA)

Acid Blank***
0.26 ± 0.03 nmol
(0.2 ml HCl + 0.2 ml HNO3 + 0.1 ml HF)

* Analytical uncertainty for the aqueous samples were calculated from repeated
injections (n
** Analytical

= 3, 4, or 5) of the
uncertainty

same samples.

for the aerosol samples were calculated

from the

analysis of three equal areas of the each sample filter and the repeated injections
(n = 9, 10, or 11) of aliquots of each of these samples. Since the deviation in one set
of the measurement of sample AA exceeded 3cr from the mean after three portions
of the filter were analyzed, an additional set of measurements

of sample AA was

conducted. These additional data indicated that it was reasonable to discard the
data that exceeded 3cr from the mean and recalculate a new mean concentration.
However, all data were reported.
*** For acid blank n = 8.
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